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The packaging industry faces mounting demand to integrate post-consumer recyclate (PCR). However, the
complex structure-property relationships of PCRs often obscure their performance compared to virgin equiva-
lents, posing challenges in selecting suitable PCRs for applications. Focused on extrusion blow moulding grade
high-density polyethylene (HDPE), this study presents the most extensive characterisation of HDPE PCR to date,
encompassing 23 resins (3 virgin, 20 PCR). Employing Fourier-transform infrared spectroscopy (FTIR), differ-
ential scanning calorimetry (DSC), thermogravimetric analysis (TGA), rheology, colour analysis, and mechanical
testing, we established a feature-rich dataset with 56 distinctive characteristics. Utilising a data science approach
based on principal component analysis, with the virgin samples as a benchmark, we identified that combining
FTIR, TGA and mechanical testing provided effective identification of PCRs that closely match the properties of
virgin HDPE. The pipeline created can be utilised for new PCRs to determine suitability as a replacement for

virgin plastic in a desired application.

1. Introduction

Plastics are materials that underpin modern life due to their versa-
tility, sterility and low-cost. However, the low-cost and durability of
plastics has led to significant environmental impact due to their disposal
and persistence (Mcllgorm et al., 2022). Additionally, without signifi-
cant new policies to reduce demand and increase circularity,(OECD,
2022) the global demand for plastics is predicted to increase from 390.7
Mt in 2022 (PlasticEurope: Plastics — The Facts 2022, 2022) to 1231 Mt
in 2060. The plastic pollution issue is compounded as the CO5 produc-
tion associated with the manufacturing of virgin plastics from fossil
feedstocks is a considerable contributor to global emissions and needs to
be reduced to support Net Zero targets (Zheng and Suh, 2019) A major
application of plastics is in the packaging sector, which represents
approximately 40% of total plastics use in Europe and is one of the
sectors with the shortest usage lifetime (PlasticEurope: Plastics — The

Facts 2022, 2022). However, plastics are an efficient material for
packaging applications as replacing plastics with other materials has
been shown to increase energy use and CO; production (Abejon et al.,
2020; Silva and Molina-Besch, 2023; Tamburini et al., 2021). Therefore,
the current strategy is to move from a linear use model towards a more
circular use of plastics to reduce the environmental impact (Tenhu-
nen-Lunkka et al., 2023). Within the UK, this opportunity has been
supported by national targets, and taxes as well as increasing consumer
demands have resulted in a drive to increase the use of post-consumer
recyclate (PCR) in packaging products. That said, it is likely that new
regulations and changes in demand and consumption will be required to
meet the intended circular economy impacts (Lisiecki et al., 2023). Ul-
timately, barriers to increased recycling and PCR use need to be mini-
mised to enhance the sustainability of plastics (Bachmann et al., 2023).

High-density polyethylene (HDPE), the second most widely used
plastic in packaging applications in the UK after poly(ethylene
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Fig. 1. An overview of the data science approach. Starting from our sample set of 23 HDPE resins (3 virgin, 20 PCR), we extract six sets of experimental data: FTIR,
DSC, TGA, rheology, mechanical and colour. From here, we identify key features that form our feature dataset (centre). Performing PCA on the features of each
experiment reveals how each technique distinguishes the resins. Taking the first two PCs of the PCAs of each experimental technique (12 features in total), we
perform a second iteration of PCA. This gives us a visualisable description of how the resins compare with each other.

terephthalate) (Thomson et al., 2018). is widely collected in
post-consumer recycling bins and offers significant potential for PCR
utilisation (Hahladakis et al., 2018). HDPE is commonly employed in the
manufacturing of bottles for both food and non-food applications due to
its excellent strength, durability, and chemical resistance. However, the
HDPE used in packaging comprises a diverse range of grades tailored to
meet specific bottle requirements, resulting in variations in properties
and performance. Additionally, polypropylene (PP) is typically used in
the lids of HDPE bottles and possesses a similar density (895-920
kg/m>) to HDPE (930-970 kg/m>), leading to PP being a common
contaminant of HDPE PCR along with volatiles, inks, labels, and other
plastics in the waste stream (Van Belle et al., 2020). Bottle producers are
also concerned about the odour and colour of PCR as this may affect
consumer perception of the packaged product. Furthermore, the addi-
tional extrusion processes involved in mechanical recycling results in
potential degradation through heat, shear, and oxidation (Schyns and
Shaver, 2020). The resulting changes in the properties of the PCR pre-
sent a significant challenge in determining the performance and suit-
ability of PCR compared to virgin plastics (Akhras et al., 2023;
Freudenthaler et al., 2022). The challenge of using PCR to replace virgin
HDPE is exacerbated by the incomplete understanding of the
structure-property relationships inherent in PCR materials. Therefore,
thoroughly characterising HDPE PCR is crucial to gaining insights into
its potential as a replacement for virgin HDPE in terms of its mechanical
properties.

In the last few years there has been a considerable growth in the
research investigating the properties of HDPE PCR. Gall et al. charac-
terised in detail six HDPE PCRs from Austria and Germany and
concluded that polyolefin contamination was common and tended to
influence density and impact strength, whereas inorganic fillers such as
calcium carbonate were present in amounts less likely to affect physical
properties (Gall et al., 2021). Karaagac et al. showed that low amounts

of PP drastically affected the tensile and impact properties of recycled
HDPE but that blending with olefin block copolymer mitigated these
effects (Karaagac et al., 2021b). Other researchers have found a similar
negative effect caused by PP contamination in HDPE PCR, for example
Akhras et al. found that manually sorted (informal) HDPE PCR from PET
bottle caps had lower contamination than that sorted automatically at
materials recycling facilities (Akhras et al., 2023). Freudenthaler et al.
tested two PCRs as blends with virgin HDPE for potential applications in
pipes; differences in contamination with PP and the presence of CaCOg3
between the two PCR materials were linked to the environmental stress
cracking resistance (Freudenthaler et al., 2022). Mager et al. compared
HDPE PCR from producers using automated sorting technologies with
informal, hand-picking approaches to sorting and considered the sub-
stitution potential of PCRs based on the melt flow index, Young’s
modulus and Charpy impact strength (Mager et al., 2023). We have
previously shown that PCR offers much poorer performance in terms of
environmental stress cracking resistance in bottles than virgin HDPE.
(McLauchlin et al., 2023). This inferior performance may limit the po-
tential for PCR to be used in bottles containing cleaning products. Given
the variability between PCR suppliers and even between batches
(Benyathiar et al., 2022; Orzan et al., 2021). it is important to capture
this variability by testing many different samples. The most informative
approaches to date for determining differences in HDPE have been
detected by Fourier-transform infrared spectroscopy (FTIR) (Camacho
and Karlsson, 2002a; Gall et al., 2021). differential scanning calorimetry
(DSC) (Camacho and Karlsson, 2001; Manivannan and Seehra, 1997).
thermogravimetric analysis (TGA) (Achilias, 2022; Camacho and
Karlsson, 2002b). rheology (Karaagac et al., 2021b; Oblak et al., 2015).
environmental stress cracking resistanc (Kurelec et al., 2005; Van Beek
and Deblieck, 2011). and mechanical testing (Alzerreca et al., 2015;
Karaagac et al., 2021a). Typically, this data is analysed by a univariate
approach, however this method is insufficient for identifying trends that
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are driven by combinations of factors. One approach to assess the suit-
ability of PCRs in given applications is the method shown by Demets et
al (Demets et al., 2021). in which application specific functions focussed
on processability and mechanical recycling quality were used to
generate a score. This approach has subsequently been used to inform
PCR selection for rigid packaging (Mager et al, 2023). and in
non-packaging applications (Akhras et al., 2023). Another approach is
principal component analysis (PCA), a powerful tool that can be used to
reduce the dimensionality of the dataset whilst preserving the directions
of the data that explain the most variation (Ringnér, 2008). As such, the
principal components (PCs) are a good summary of the variations pre-
sent within the dataset. An example is the work of da Silva and Wiebeck
who applied PCA and partial least squares regression to FTIR data to
determine the compositional fraction of HDPE/LDPE blends (da Silva
and Wiebeck, 2022). There is a considerable opportunity to use data
science tools such as PCA to process the complex, high-dimensional data
produced by multiple characterisation methods of highly variable ma-
terials such as HDPE PCR.

In this study, we present the most extensive characterisation of HDPE
PCR to date. Our investigation involves a sample set of 23 HDPE resins,
comprising 20 HDPE PCRs and three virgin HDPEs. By encompassing a
wide range of HDPE resins, we capture the heterogeneity arising from
different sources, separation methods and recycling processes. After
analysing the materials by FTIR, DSC, TGA, rheology, colour analysis
and mechanical testing, we used a three-step data science process
(Fig. 1) involving feature selection, identification of the most significant
features by PCA, and a second iteration of PCA to compare the resins
with each other. Finally, by utilising virgin HDPE samples as bench-
marks, we quantified the performance of PCR and established correla-
tions among the features extracted from our dataset. We are then able to
highlight the subset of experimental techniques that offer the most
informative results within limited time and resource constraints. The
comprehensive dataset and the insights derived from our study offer a
valuable resource for the packaging industry and researchers alike. By
leveraging our method of analysis, future assessments of new PCR ma-
terials can be expedited, enabling the identification of suitable re-
placements for virgin plastics in specific applications.

2. Materials

Three virgin HDPE:s of extrusion blow moulding grade were included
in this study. They are LyondellBasell’s Hostalen 5231 D (V1), Chevron
Phillips Chemical’s Marlex HHM 5502BN (V2), and LyondellBasell’s
Hostalen 5831D (V3).

The requirements for selection of the HDPE PCR samples for inclu-
sion in this analysis were that they were commercially available and
listed as extrusion blow moulding grade. The melt flow index (MFI) of
the PCRs obtained for this study were in the range 0.1 to 0.89 g/10 min
(190 °C/2.16 kg) and therefore suitable for extrusion blow moulding.
Once received, the PCR pellets were stored in sealed containers under
ambient conditions. The specific names of the PCR samples are not given
due to commercial considerations. The countries of origin included: The
United States (2 resins); Netherlands (8 resins); Italy (2 resins); Spain (1
resin); Poland (4 resins) and the United Kingdom (6 resins).

3. Methods
3.1. FTIR

Mid-infrared spectra of all samples were recorded on a Vertex 70
FTIR Spectrometer (Bruker Instruments, Coventry, UK) in attenuated
total reflectance mode (ATR) on cut surfaces of pellets. 32 scans for each
sample were collected over a scan range of 4000-600 cm ™ at a reso-
lution of 2 ecm™!, and were normalised so that the highest peak had an
absorbance of 1.

A minimum threshold was necessary to remove from consideration
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features of the FTIR spectrum that are due to noise or negligible con-
taminates. A maximum threshold was necessary to ensure that where a
strong feature was present for all resins this can be removed from
consideration too since it does not distinguish the resins. With these
thresholds, every feature of the FTIR spectrum is assigned a value from
zero to one: a value of zero if the strength of the feature is below the
minimum threshold; a value of one if the strength of the feature is above
the maximum threshold; and a value between zero and one if the
strength of the feature lies between the minimum and maximum
thresholds (linearly computed). We then manually removed features
that were due to carbon dioxide.

3.2. Thermal analysis

All thermal analysis was done on a TA Instruments (New Castle, DE,
USA) Discovery differential scanning calorimeter. Specimens for anal-
ysis in triplicate (5 mg + 0.5 mg) were either cut from individual pellets
or weighed from cryomilled pellet as required and sealed in aluminium
pans. To determine the melting point and enthalpies of fusion and
crystallisation, specimens were equilibrated at 50 °C under a nitrogen
atmosphere, heated to 200 °C, held isothermally for 3 min, cooled to 50
°C, held isothermally for 3 min and finally heated again to 200 °C in
accordance with ASTM D3418-15 (ASTM International, 2012). The
heating and cooling rates were 10 °C min ™.

Some PCR samples contained polypropylene (PP) which gives an
endothermic peak at 160 °C and the fraction of PP (fpp) was calculated
using Eq. (1)

Normalisedpp

: AHpp
for = )
Normalisedpp + Normalisedyppg
AHpp AHyppe

where

e AHpp= Enthalpy of crystallisation of PP (208 J/g);

e AHpppg= Enthalpy of crystallisation of HDPE (293 J/g);
e Normalisedpp= Normalised peak area of PP peak;

e Normalisedyppr= Normalised peak area of HDPE peak.

The true normalised HDPE was then calculated by Eq. (2)

N lised
TrueNormalisedyppr = %;HDPE (2)
—Jrp

and the crystallinity of the HDPE was then calculated by Eq. (3)

% Crystallinity = 100 x eNormalisedipre 3)
AHpppe
Thermogravimetric analysis (TGA) was performed using a Q5000IR
analyser (TA Instruments, New Castle, DE, USA) with an automated
vertical overhead thermobalance, by heating duplicate 5 mg + 0.5 mg
samples in platinum crucibles under nitrogen over the range 40 °C to
600 °C at a heating rate of 10 °C min "

3.3. Colour analysis

The colour of each sample was recorded on a Konica Minolta 2600d
(Warrington, UK), with a built-in light source, using the L*a*b* colour
scale. Five replicate measurements were made on individual sub-
samples of pellets contained in a Petri dish.

3.4. Mechanical analysis

For measurement of tensile properties, sheets of nominal thickness 4
mm were pressed at 5 MPa pressure for 20 min at 180 °C and cooled over
60 min to 40 °C. Sheets of thickness 1 mm for the strain hardening
modulus (SHM) measurement were prepared by compression moulding
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Fig. 2. Using a data science approach with FTIR data to distinguish the PCR samples. a) A standard FTIR spectrum for virgin HDPE (LyondellBasell’s Hostalen ACP
5231 D). All resins in our sample set, whether virgin or PCR, contained these six characteristic peaks of HDPE in their spectra. b) A closer look shows that FTIR
distinguishes resins for minor peaks that do not correspond to HDPE. For example, this snippet from wavenumbers 990 to 950 cm ™~ shows a peak that corresponds to
PP that is present in some but not all the resins. ¢) An FTIR heat map for the resins. This plot is produced automatically and can be used to identify potential
contaminants of the resins. d) The first PC of the PCA of the FTIR features against the second PC. e) The first PC against the third PC.

according to ISO 923/ISO 17,855-2. (ISO, 2016). For measurement of
the SHM, test specimens with gauge length 12.5 mm were prepared by
compression moulding according to ISO 923/1SO 17,855-2 followed by
annealing for 60 min at 120 °C and allowed to cool in the oven

overnight.

Tensile properties of the blends were tested according to ISO527

(ISO, 2012). after conditioning at 23 °C and 50% relative humidity.
Measurement of the SHM was performed according to BS ISO
18488:2015 (ISO, 2015). using an environmental chamber (Severn
Thermal Solutions, Dursley, UK) to maintain the testing temperature of
80 °C.
All tensile and SHM tests were done using an Instron TM-340 testing
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frame with 10 kN load cell (Instron, High Wycombe, UK). Five replicate
tests were done for SHM and seven specimens from each PCR were
tested for tensile properties. The testing speeds for tensile properties and
SHM were 50 mm min * and 20 mm min~?, respectively. Data was
processed using Bluehill Universal software (Instron, High Wycombe,
UK).

3.5. Rheological analysis

Rheological analysis was done in oscillatory mode at 190 °C using a
MCR320 Rheometer (Anton Paar Instruments, Graz, Austria) using a
parallel plate geometry. Duplicate frequency sweeps were run at 5%
strain, chosen after a preliminary amplitude sweep to verify that this
was in the linear viscoelastic region (see Fig. S1), over the range
500-0.01 rad s~!. Data was processed using Rheocompass™ software
(Anton Paar Instruments, Graz, Austria).

3.6. Data analysis

3.6.1. PCA

The PCA of the feature dataset was performed in Python using scikit-
learn’s PCA implementation. PCA was first applied to the features of
each of the six experimental techniques to reduce the number of features
for each technique to two by taking the first two PCs of the PCA. Hence
the reduced feature dataset is 12-dimensional. We applied a second
iteration of PCA to this 12-dimensional dataset, and the first two PCs are
those plotted in Fig. 5.

3.6.2. Identifying most significant triplet of techniques

We can use the two-dimensional space obtained in our overall PCA
analysis (Fig. 5). to define a distance to virgin for a PCR. Namely, for a
given PCR, we compute in this two-dimensional space the Euclidean
distance between the PCR and each of the three virgin resins, and then
take the mean. We define this value to be the ground truth mean dis-
tance of a PCR resin to virgin HDPE.

We define the significance of a subset of experiments to be how well
the subset preserves the ground truth mean distances of the PCRs when
the subset is put through the same pipeline. Namely, for the given
subset, as before, PCA is applied to the features of each of the experi-
mental techniques in the subset to reduce the number of features of each
technique to two, namely the first two PCs. We combine the two features
of each technique to form a 2n-dimensional dataset, where n is the
number of techniques in the subset. We apply PCA to this 2n-dimen-
sional dataset and take the first two PCs to form a two-dimensional
space. Then, as before, for each resin, we compute the Euclidean dis-
tance of the resin from each of the virgin resins and take the mean. This
gives us the mean distance of the PCR to virgin HDPE for this subset of
experiments. For each PCR, we then take the absolute value of the dif-
ference between its mean distance to virgin HDPE for this subset and its
ground truth mean distance to virgin HDPE, thus quantifying how much
this triplet of experiments preserves the ground truth distance for this
PCR. Taking the mean of these differences across all the PCRs gives us
our final value for a subset. For example, if our subset is actually all six
experimental techniques, the mean difference will be zero. A subset of
techniques with a mean difference from the ground truth of 0.5 means
that on average the mean distance between a PCR and virgin HDPE as
computed using the subset of techniques differs by 0.5 compared to the
ground truth mean distance of that PCR to virgin HDPE. When we focus
on triplets of experiments, FTIR, TGA and mechanical techniques is the
best triplet with a mean difference of 0.2 (Fig. 6)..

4. Results and discussion
Six experimental techniques were used to extract data from each of

the 23 resins in our sample set. Specifically, we performed: FTIR:
characterises the functional groups present in the sample; DSC: reveals
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the crystallinity of the sample; TGA: sheds light on the purity and
composition of the sample; Rheology: measures the viscosity and shear
thinning behaviour of the polymer melt; Mechanical: determines tensile
properties and also the strain hardening modulus, which has been shown
for virgin HDPE to be predictive of the environmental stress cracking
resistance (Kurelec et al., 2005). We also measured the colour of each
sample which provides some insights into the source of the materials
used to create the PCR. For instance, it may suggest that colour sorting
has been carried out which may reduce the complexity of the feedstock.
One challenge with attempting to distinguish HDPE resins is that many
characteristics and properties show variability within samples, with
greater variability expected for PCRs. Therefore, the majority of mea-
surements were carried out with at least 3 replicates to identify
intra-batch variability as well as experimental noise. Given the scale of
the data obtained from the combined analysis methods, this paper will
focus on the three analysis methods that were identified to be the most
significant for differentiating the PCRs — FTIR, TGA and mechanical
testing. (How this triplet was identified to be the most significant is
discussed later in the paper.) A second paper will discuss the relation-
ships between the other characterisation methods.

From the analysis of the 23 HDPE samples, 56 features were
extracted from the data obtained from the six characterisation methods
performed. A breakdown of these features can be seen in Table S2 in the
supplementary information. These features formed our feature dataset,
with each feature normalised so that its range is from zero to one (see
centre of Fig. 1).. This feature dataset is then used as the input of further
analysis techniques. We will exemplify this feature selection with the
FTIR data.

4.1. Approach to feature selection, exemplified with FTIR data

The FTIR spectra of the resins show that the typical peaks for poly-
ethylene were present for all samples. These occur at wavenumbers
2919, 2850, 1472, 1464, 730, and 720 cem™! (Fig. 2a) (Noda et al.,
2007). However, minor peaks that originate from additives and con-
taminates can be used to differentiate samples (Gall et al., 2021; Mager
et al., 2023). For example, at 972 ecmla peak can be assigned to CHs
rocking in PP which is only detected in a selection of the samples
(Fig. 2b) (Campanale et al., 2023; Noda et al., 2007). To enable the
identification of subtle differences between samples we used the second
and third derivatives of the FTIR spectrum to automatically identify a
total of 33 features. A feature was identified to be the wavenumber at
which the third derivative passes through zero from negative to positive.
The benefit of this approach was that, in addition to peaks, shoulders of
peaks could be automatically detected too. We define the strength of a
feature for a given specimen to be the absolute amplitude of the second
derivative at this wavenumber, effectively capturing how sharp the peak
or shoulder is (see Fig. S3 in the SI for a visualisation of this approach).
We defined manually minimum and maximum thresholds for the
strength of the features (discussed in the methods section) to remove
features due to noise and dominant features present in all specimens (i.
e., features due to HDPE) and then we normalised each feature. We can
visualise this data for all resins in Fig. 2c.

An analysis of this plot has been used to identify additives and
contaminates of the resins. For example, wavenumbers 2960, 1377,
1166, 997, 972 and 841 cm ! all correspond to PP contaminate (Noda
et al., 2007). and across these wavenumbers we see that PCRs 18, 20, 21,
22 and 23 regularly have the highest values, suggesting that these are
the resins most contaminated with PP. Some level of PP contamination
was detected in most PCRs, but the quantity of contamination varied,
and only PCRs 1, 8, 12 and 15 displayed no detectable PP contamina-
tion. Wavenumbers 1490, 1398, 1213, 1195, 1082, 854, 825 and 777
em ™! correspond to the antioxidant Irgafos 168 (Tris(2,4-di-tert-butyl-
phenyl)phosphite) (Badri and Redwan, 2014). which appears to have
been added to PCRs 11 and 14 since they display peaks at all these
wavenumbers. Trace amounts of PET were identified in some of the
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Fig. 3. Extracting additional insight from the TGA analysis of the sample set. a) Five of the features extracted from the TGA experimental data. b) Heat map of the

features extracted. ¢) The corresponding PCA for TGA.

PCRs, most notably in PCRs 10 and 13, identified at 1409 and 1018 cem!
(Noda et al., 2007). Additionally, as reported by other researchers, we
also identified a peak at 875 cm ™! in some resins which we assigned to
CaCOs3 (Gall et al., 2021). a common filler used in polyolefins (Bartczak
et al., 1999). PCR 8 was identified to be contaminated with polyamide
due to the assignment of wavenumbers 3297, 1645 and 1541 em™Y,
(Noda et al., 2007). while PCRs 5, 6, 7 and 9 were identified to contain
calcium stearate due to the assignment of wavenumbers 1577 and 1541
em~! (Génen et al., 2010). Calcium stearate is added as a lubricant to
reduce shear-induced chain scission during processing (Lutz, 1989). The
peak at 908 cm ™! was assigned to the vinyl functional group, which may
give an indication for the catalysis process used to manufacture the resin
or be a sign of degradation in PCRs (Gall et al., 2021). The identification
of so many different minority components between the resins is further
evidence of the heterogeneity and variability that exists in PCR. While
clearly additives such as antioxidants and lubricants have been inten-
tionally added, the broad range of contaminants are likely associated
with different waste streams and sorting processes (Mager et al., 2023).
As it was not possible to obtain information on the plastics source and
sorting methods for all PCR suppliers, we cannot make any conclusive
correlation to contaminant types. However, specific contaminants may
give insights into collection and sorting practices, for example the
identification of PET within HDPE would reveal that missorted items,
such as PE-laminated PET trays, have entered the HDPE stream after
sorting with automated near IR sorting technologies. Later in the paper
we will discuss whether the differences in additives and contaminants
influence any of the other properties of the PCRs.

Applying PCA to this set of features allows us to visualise and identify
the key distinguishing features of the FTIR data (Fig. 2d and e). The first
PC is primarily contributed to by peaks due to PP, and so typically the
further to the right a resin lies in Fig. 2d and e the greater the PP
contamination. The second PC is contributed to by features that are
assigned to Irgafos 168, and so we see that this PC separates PCRs 11 and
14 from the other resins (Fig. 2d). The third PC captures the presence of
calcium stearate, and so PCRs 5, 7 and 9 sit towards the top of Fig. 2e.
The cleanest resins (those with few peaks due to contaminates and ad-
ditives) lie in the bottom-left corner of Fig. 2e and include all the virgin
HDPEs and some PCRs.

4.2. Generating features from all analysis methods

For the other five techniques, the features were identified in a similar
manner to the approach used for the FTIR, often by looking at the de-
rivative of a curve or by extracting a common chemical property from
the data. For DSC, features included the width of the primary crystal-
lisation and melt peaks at half the maximum magnitude, as well as the

strength of any secondary melt corresponding to polypropylene
contaminate (see supplementary information Fig. S4 and Table S5). For
tensile testing, the tensile properties extracted were the Young’s
modulus, ultimate tensile strength, and the strain at break. The strain
hardening modulus was also obtained and included in this subset of
features. For TGA, along with the residue, the features were defined by
the mean derivative in 20 °C intervals. For rheology, the features were
the complex viscosity taken at a sample of angular frequencies, the
crossover point, and a feature that quantifies how much the curve de-
viates from linearity (see supplementary information Figs. S6 and S7 and
Table S8). Finally, for colour, the L*, a* and b* values were extracted
(see supplementary information Fig. S9). We have already looked in
detail at the FTIR data, and in the next two sections we will take a deeper
dive into the TGA and mechanical testing data. Sections containing more
details on the remaining three techniques not covered in detail in this
paper can be found in the supplementary information.

5. Thermogravimetric analysis exemplar

Conventional interpretation of TGA data focuses on onset tempera-
ture and percentage residue mass. Yet, particularly for onset tempera-
ture, the data for all samples was very similar to each other (Fig. S10).
Each resin is predominantly HDPE and so the vast majority of the
thermal decomposition occurred between 460 °C and 480 °C, the tem-
perature range at which HDPE decomposes (Camacho and Karlsson,
2002b; Cuadri and Martin-Alfonso, 2017; Nguyen et al., 2022). There-
fore, to distinguish resins, we looked more closely at additional regions
of the TGA curve; five of the features extracted from the TGA data were
the mean derivatives across 20 °C intervals (160 °C - 180 °C, 300 °C -
320 °C, 380 °C - 400 °C, 460 °C - 480 °C, 480 °C - 500 °C) (see Fig. 3a).
Each of these five features was capturing the rate of decomposition of
the material within the corresponding temperature range. Additionally,
we measured the percentage residue as a feature, which gives an indi-
cation of the presence of inorganic fillers and contaminates. The relative
values of these features between the PCR samples are shown in Fig. 3b,
revealing considerable variability.

By applying PCA to these features, we can visualise how the data
obtained from TGA is able to separate the resins. The details of this can
be seen in Fig. 3c. The first PC is principally contributed to by Features 1
and 2 which are linked to the volatiles present in the resins. Resins
further to the right in the plot have fewer volatiles and so are likely to be
less contaminated. They consist of all virgin samples and PCRs 1, 3, 12
and 15. These are the same PCRs that sit with the virgin resins in the
bottom-left corner of Fig. 2e in the PCA of the FTIR data. The second PC
is contributed to by the residue mass and Feature 3. Feature 3 covers the
temperature range 380 °C - 400 °C which captures the start of the main
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Fig. 4. Mechanical testing to differentiate the different PCRs. a) Strain-stress curves produced by tensile testing for 7 repeats of PCRs 11 and 15. b) The first PCs of the
features coming from the mechanical tests. The first PC is primarily contributed to by the strain at break, with resins to the right of the plot having a high strain at
break. The second PC is primarily contributed to by the SHM, with resins to the bottom of the plot having a higher SHM.

degradation stage of the resins. PCRs 10 and 13 have the highest values
for this feature which may be because of the trace amounts of PET in
these resins, identified by FTIR, as PET is known to cause an earlier
degradation of HDPE (Singh et al., 2020). Although PP is known to have
a lower onset temperature for degradation compared to HDPE (Camacho
and Karlsson, 2002b; Gall et al., 2021). the resins with high PP
contamination (PCRs 18, 20, 21, 22, 23) did not possess a high value for
Feature 3 since the presence of HDPE delays the degradation process for
PP (Singh et al., 2020). Therefore, the PCA from the TGA provided a
combined overview about the volatile contamination, polymer
contamination and the presence of any fillers in the PCRs; resins with a
high residue are towards the top of the plot, resins towards the bottom of
the plot begin the main degradation stage earlier or have low residue,

and resins to the right of the plot have less volatile contamination.
6. Mechanical testing exemplar

Unlike the subtle differences identified through the features selected
for FTIR and TGA, the mechanical testing we carried out showed
considerable variation, both between specimens of the same sample and
between different PCRs. We used both tensile testing and strain hard-
ening modulus (SHM) measurements to provide quantitative informa-
tion on the properties of the PCRs. As shown in Fig. 4a, the tensile test
results were noticeably different, with all the repeats for PCR 11
breaking at strains of 12% or less, compared to the repeats of PCR 15
where the samples displayed yield and necking behaviour and typically
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Fig. 5. The summary output where the resins are plotted against the first two PCs of the final PCA. The samples are split into 3 clusters using k-means clustering with
k = 3. The first PC explains 40% of the variation and is primarily contributed to by features linked with PP contamination, and so resins with high PP contamination
lie to the right of the plot. The second PC explains 19% of the variation and is primarily contributed to by tensile, rheological and TGA features.
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reached strains of at least 75% before breaking.

With tensile testing, we extracted the conventional features from the
strain-stress curves, namely Young’s modulus, ultimate tensile strength,
and the strain at break. As with all features, these values vary between
repeats, and so we took the value of each feature to be the mean over the
repeats (the plot of the PCA in Fig. 4b displays error bars which indicate
the variability in the results). The tensile properties of plastics are
typically used as an approach to benchmark different samples and may
be predictive of some properties when formed into bottles (IVicLauchlin
et al., 2023). Measurements of the SHM have previously been shown to
be an effective way of predicting the environmental stress cracking
resistance of virgin HDPE (Cheng et al., 2011; Kurelec et al., 2005). This
is an important parameter because the environmental stress cracking
resistance of HDPE that has undergone additional extrusion cycles
(Zahavich et al., 1997). and direct measurements on HDPE PC
(McLauchlin et al., 2023). have been shown to be worse than virgin
HDPE. Therefore, combining both the tensile testing data and SHM
made up the features of our mechanical tests. The first two PCs of the
PCA of these features can be seen in Fig. 4b. The first principal
component is primarily contributed to by the strain at break, with resins
to the right of the plot having a high strain at break, which were the
three virgin samples. The second principal component is primarily
contributed to by the SHM, with resins to the bottom of the plot having a
higher SHM. Therefore, we would expect resins in the bottom-right of
the plot to be the best performing. Those samples with the most
favourable combination of properties were the virgin HDPE samples. For
PCR resins, there are some that perform well in one or the other, but
none that are a match for virgin in both features, showing the gap in
quality that exists for HDPE PCR. The mean values of the mechanical
testing data can be seen in Table S11 in the SI.

7. Summary analysis of the feature dataset

As discussed in the methods section, the 56 features obtained by the
combined analysis methods were reduced to a 12-dimensional dataset
(two dimensions for each of the six analysis techniques) by using PCA.
To make a final summary output that allowed the key differences be-
tween samples to be visualised, we then applied a second round of PCA
to this 12-dimensional dataset. This overall summary output can be seen
in Fig. 5. The location of each resin in this PCA space is explained by
values of certain features and reveals similarities and differences be-
tween the samples. For example, the first principal component, which
explains 40 percent of the variation, is primarily contributed to by fea-
tures that quantify PP contamination, and so resins found on the right-
hand side of the plot have high PP contamination. The second prin-
cipal component, which explains 19 percent of the variation, is
contributed to by mechanical, rheological, and TGA features. Most of the
resins in the green top-left region appear in this location due to having
high values of volatiles identified by the TGA. The key reason PCRs 8
and 4 separate themselves from the other resins is due to their high and
low viscosities, respectively. It is unclear why PCR 8 possessed a higher
viscosity: this resin also displayed a polyamide contamination that was
identified using FTIR, however studies on blending HDPE and poly-
amide have shown that the blend is less viscous, so this contamination is
not the cause of the higher viscosity (Xiang et al., 2012). For this sum-
mary analysis we have weighted all features equally. In future work, we
will compare our dataset to the performance of the PCRs within pack-
aging applications to identify weighting factors between the PCs. Based
on the summary comparison, we suggest that PCRs close to virgin
samples (i.e. in the bottom-left region) are most likely to be suitable
replacements for virgin resins, whilst resins comparatively far away in
the other two regions are likely to not be good substitutes for virgin
resins. When selecting a new resin for an application, we could remove
risk from the selection process by observing where it sits in this PCA
space in comparison to the virgin samples (and other PCRs).
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Fig. 6. Triplets of experimental techniques that most resemble the whole
dataset. Each square represents a triplet of techniques. The darker the square
(the lower the value), the more accurately the triplet of techniques distin-
guishes the resins when compared with the whole dataset. This suggests that, if
we had to restrict to just three techniques, the triplet of FTIR, TGA and me-
chanical techniques would be optimal.

8. Identifying techniques to enable rapid and low-cost classification of
PCR

The experimental data that we have collected from the HDPE PCRs
has required using six different characterisation techniques on each
resin. While the large number of features extracted from this data can be
used to give a picture of how the resins compare with each other, it is
also time-consuming and costly. Additionally, not all these methods are
typically available for packaging producers. Therefore, we aimed to
identify the best subset of three techniques that would still yield an
effective classification of the PCRs. A key criterion for classifying PCRs is
their similarity to virgin HDPE. To do this, we calculated the mean
distance of a given PCR to the virgin resins in the 2D PCA space created
using the entire feature dataset (Fig. 5)., and we let this distance be the
ground truth distance of the resin to virgin HDPE. Then, for each
possible triplet of experiments, we obtain a new 2D PCA space using just
the features of the selected triplet of experiments, and computed the
mean distance to the virgin resins of a given PCR in this new space. By
calculating the difference of this distance to the ground truth, we obtain
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Fig. 7. Detecting PP in the PCRs and the effect of PP content on strain at break. a) The normalised feature values of the two methods of quantifying the amount of PP
present in the resins. Each point lies close to the diagonal, showing that the two methods strongly agree with each other. We believe that the slight scattering away
from the diagonal of PCRs 18, 20, 21 and 22 is due to both noise and inherent variability within the resins. b) The normalised PP content obtained via FTIR plotted
against the normalised strain at break. This plot shows that any resin with a normalised PP content value of 0.2 or more has an extremely low strain at break (in
practise, the resins are very brittle and break almost immediately). The fitted line is a negative exponential, suggesting that even small contamination of HDPE resins
with PP will have a significant impact on performance properties such as the strain at break.

an indication of the information loss resulting from the restriction to
these three techniques for this PCR. Taking the mean of the differences
over all PCRs in our sample set gives us a total difference, and the triplet
with the minimum total difference is identified as the most informative
triplet of experiments. The results of this process are shown in Fig. 6,
which shows that FTIR, TGA and mechanical data are the triplet of
techniques that provide the most effective comparison of the PCRs to
virgin; a value of 0.19 was determined as the distance between the
complete characterisation data set and the triple of techniques. For
context, this value of 0.19 was 18% of the mean distance from virgin for
all PCRs in the ground truth. For comparison, the worst performing
triplet of techniques (DSC, rheology, and colour measurement) had a
value of 0.50 representing a 45% difference from the mean distance
from virgin for all PCRs in the ground truth. Different characterisation
methods can often provide similar data on the PCR samples, for example
the PP content can be indicated by both FTIR and DSC (discussed in
more detail later, see Fig. 7). Therefore, these techniques are somewhat
interchangeable in terms of differentiating the PCRs. Ultimately, this
analysis reveals that the well-informed selection of characterisation
methods could be used to select PCR samples with quality approaching
that of virgin HDPE.

7. Coupling the mechanical data to other features of the dataset

Tensile testing is time-consuming as the resin needs to be processed
into specimens which then need to be individually tested, and typically
5-8 specimens are analysed for each sample. Therefore, identifying
approaches that can predict the mechanical properties will have sig-
nificant value in terms of accelerating the selection of appropriate PCR
samples.

One of the major factors that has been shown to have a significant
detrimental effect on the mechanical properties of HDPE is contamina-
tion with PP (Demets et al., 2022). For example, Karaagac et al. have
shown that, by systematically blending recycled PP contamination into
HDPE PCR, the elongation at break reduced with increased PP content
(Karaagac et al., 2021b). Our analysis has shown that both DSC and FTIR
were effective at identifying the presence of PP in HDPE samples. For
DSC, a melting point at ~160 °C was observed as a secondary peak in the
melt curve. Identifying the strength of this peak gives us an indication as
to the amount of PP contamination present in the resin. For FTIR, PP has
several characteristic peaks as previously discussed. We focus on just
one such peak at a wavenumber of 972 cm™! that lies in a section of the
spectrum where there were no other peaks present. By taking the

integral of the spectrum in the interval from 980 to 965 cm !, the
outputted value again gives an indication as to the presence of PP
contamination in the resins. By comparing these two methods, it was
possible to see a good agreement between the methods in capturing the
comparative PP content present in the resins, as shown in Fig. 7a. While
the FTIR method was more sensitive, it was always possible to detect PP
when present using both methods. We used the FTIR method to compare
the amount of PP in the PCRs with the tensile testing data, which showed
that samples with increased PP content experienced a significant
reduction in the strain at break (Fig. 7b). The relationship identified
could be fitted with a negative exponential, suggesting that even small
contamination of HDPE resins with PP had a significant impact on
performance properties such as the strain at break. Our dataset confirms
the prior literature finding regarding PP contamination in HDPE being
highly detrimental (Demets et al., 2022; Karaagac et al., 2021b). and
additionally we show that this relationship holds true for commercial
PCRs where the PP is an unintended contaminant. This is significant
because it provides an approach to rapidly identifying problematic
resins with high PP content purely by FTIR analysis.

8. Conclusion

To conclude, we have curated a sample set of 23 HDPE resins (3
virgin, 20 PCR) and have performed extensive characterisation of the
resins to produce a feature-rich dataset. The feature extraction process
has combined traditional methods with novel approaches that have
identified new features within the data to enable the differentiation of
similar materials. Analysis of this feature dataset gives an indication of
how resins compare with each other, and crucially how PCRs compare
with virgin HDPEs. Relationships can be identified, such as the impact of
PP content on the strain at break. Improving our understanding of the
general differences between PCRs and virgin HDPE, and how these
differences impact performance, can inform the current approaches to
improving the properties of PCRs for specific applications. Our feature
dataset can be probed further to reveal important structure-property
relationships, which will be reported in future papers. While the
extensive characterisation that we have performed may not be practical
for typical packaging producers, we have identified a reduced set of
techniques that enables a good characterisation of a resin with minimal
data loss. As a result, fair comparisons with other resins can be made
without performing the full set of characterisation methods. The po-
tential for new resins to be run through the method of analysis exhibited
should enable a comparison of the new resin with the large dataset of
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resins already curated. We believe that this can help to de-risk the se-
lection process when considering replacing virgin plastics with PCRs in
terms of mechanical and physical properties for a given application,
allowing both an increase in PCR use, and an improvement in the quality
of the PCRs being offered.
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