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Abstract: Globally, we produced 489 million tonnes of plastic in 2023 and we recycled only 8.17%.
This study navigates the landscape of recycling practices, highlighting the imperative to reevaluate
and upgrade industry-standard protocols. The central focus of this study is on integrating more
robust traceability criteria and advanced quality testing methodologies to improve recycled plastics
with intrinsic value, particularly in anticipation of future market applications. The investigation
examines the prevailing industry standard traceability and quality framework. It then assesses the
applicability of those standards using technical datasheets for recycled high-density polyethylene
resin grades. This study proposes a paradigm shift toward a more sophisticated analytical approach.
This comprehensive framework aims to transcend traditional quality and traceability evaluation.
This paper employs a mixed methodological approach, including a thematic analysis of relevant
industry standard regulations and an in-depth literature review, to address the need for an operational
framework for recycling quality. This study highlights that recycling quality depends on technical
attributes determining functionality and application suitability. While some properties are measured,
the conventional framework does not address the degradation level of recycled plastic. This study
concludes with broader considerations, emphasising the need for a traceability model to disclose
material history and composition. This study advocates an industry-wide upgrade in recycling
standards, prioritising traceability and quality testing. The proposed enhancements in testing grids
and the improved understanding of recycling quality collectively contribute to a holistic framework,
unlocking the intrinsic value of recycled plastics for future market applications.

Keywords: plastic; HDPE; recycled plastics; quality; traceability; industry standard

1. Introduction

The world generated over 489 million tonnes of plastic in 2023 alone (OECD, 2023b) [1],
and the resulting waste that was recycled for the same period reached 8.17% (OECD,
2023a) [2]. The same data source (OECD, 2023a) [2] estimated that 17.17% of plastic waste
is mismanaged, which has significant impacts on ecosystems, human health, and global
climate systems (Adeniran & Shakantu, 2022; Kibria et al., 2023) [3,4]. The annual health
responsibility costs of the life cycle of plastics are estimated to exceed USD 250 billion
(Philip J Landrigan, 2024) [5]. As Zhang (2001) [6] noted, “quality is a complex and ab-
stract concept with various interpretations and viewpoints prevalent in everyday life,
academia, industry, and the public sphere”. The way quality is perceived and used to
serve trust between industrial partners and customers is subjective. Harmonisation became
necessary for quality system management, and industry-standard guidance documents
were established and implemented, with a certification process recognised by all. Recy-
cling quality needs a more precise definition and operational framework, the absence of
which hinders the development of effective policies for recycling and the circular economy
(Tonini et al., 2022) [7].
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Polymeric waste materials have the potential to be valuable resources for manufactur-
ing new products through recycling processes (Vilaplana & Karlsson, 2008) [8]. However,
plastic waste from households is often contaminated and heterogeneous, resulting in recy-
cled plastic with limited applications due to reduced quality (Eriksen et al., 2019) [9]. The
main idea conveyed in the study of Alassali et al. (2021) [10] is the examination of technical
obstacles interfering with the efficiency of plastic waste recycling, mainly focusing on the
quality of recycled materials. Through a comprehensive literature review, factors such as
contamination, degradation, product designs, and waste management practices contribute
to the decline in plastic quality during recycling processes. The novel quality model of
Golkaram et al. (2022) [11] aims to address the challenge of degraded recycled plastic in a
circular economy. The model considers degradation, mixing degree, and contaminations to
compute a quality score between 0 and 1 that incorporates a compilation of material prop-
erties, minimum and maximum acceptable values for each property, an ideal or preferred
value (or range) for the property, and a relative importance or weighting factor (J) assigned
to the property. This emphasises the need for a harmonised and applicable framework,
which might lead to an update of the industry standards.

International standards are used for various purposes across various industries and
sectors. Experts develop these standards worldwide to provide a framework of best prac-
tices, guidelines, and specifications to ensure consistency, safety, and quality in products,
services, and processes. The International Organization for Standardization (ISO) is one of
the leading and widely accepted organisations to develop and provide various standards.
ISO 9001 [12] specifies requirements for a quality management system (QMS) and provides
guidelines for organisations to ensure processes are well defined, controlled, and contin-
uously improved. By following the standard’s guidelines, organisations can enhance the
quality of their products and services, leading to higher customer satisfaction.

Following the findings of the 2021 ISO survey (ISO, 2021) [13], a remarkable total of
1,077,884 certificates that were considered valid for the ISO 9001 standard were found to
be in existence, showcasing a continual growth of 10% when compared with the figures
recorded in the preceding 2020 survey; such an impressive surge stands as a testament to
the growing recognition and acceptance of the ISO 9001 quality management system on
a global scale, underscoring the undeniable trend of organisations worldwide embracing
its principles and guidelines as a means to enhance their operational efficacy and ensure
the delivery of products and services that consistently meet stringent quality benchmarks
(ISO, 2021) [13]. This proliferation of ISO 9001 certificates, crossing a diverse array of indus-
tries and sectors across 189 countries, further highlights not only the widespread diffusion
of this quality management framework but also the resolute commitment towards fostering
a culture of quality consciousness, continuous improvement, and customer satisfaction
(ISO, 2021) [13].

A comprehensive analysis of the data presented in the survey underscores that
51,371 delivered certificates across 136 countries have certified ISO 9001 within the specific
area of the Rubber and Plastic product category, attesting to the persistent integration of
quality management principles within a sector that extends the entire spectrum of rubber
and plastic goods (ISO, 2021); a parallel scrutiny of the survey data also discloses that the
sphere of recycling, a domain that plays a pivotal role in sustainable resource utilisation
and environmental conservation, claims an ISO 9001 certification level with 3680 in-force
certificates in 94 countries, further reaffirming the recycling industry’s commitment to
operational excellence, continuous improvement, and the establishment of robust quality
control mechanisms, all of which contribute to the overarching objective of minimising
ecological impact while maximising resource efficiency on a worldwide scale. In each case,
China is leading the number of certificate attribution (ISO, 2021) [13].

The notion of recycling quality is a recurrent theme in the scientific literature and
European Union legislation. However, a notable absence persists regarding this concept’s
precise definition and operational framework. This lack of conceptual clarity significantly
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impedes the development of robust policies aimed at addressing recycling and advancing
the circular economy (Tonini et al., 2022) [7].

What is the ISO system, why is it used, and what are the challenges and barriers to
implementation?

Certification like international standards ISO 9001 [12], 14001 [14] (Environment man-
agement system), and 45001 [15] (Health and Safety management system) provides assur-
ance that firms are able to provide services and products beyond expectations
(ISO, 2014) [16]. It is an internationally recognised framework for quality assurance and
performance monitoring. It is a healthy sign of good business practice, demonstrating
that the organisation is committed to continuous improvement. Certified organisations
outperform the non-certified ones with regard to quality, customer satisfaction, operational,
market, and financial performance (Psomas & Kafetzopoulos, 2014) [17]. It is voluntary-
based certification, but most of the time, the motivation to achieve certification comes from
the pressure of customers who have adopted the system and the ability to apply it to public
offers (Kakouris & Sfakianaki, 2019) [18]. The industry is like a network; a need for trust
among the chain of stakeholders creates strength in the network.

Small and medium (SME) organisations may face more challenges than large corpo-
rations in achieving certification. The most commonly cited of these were bureaucracy, a
lack of guidance by top management, demands on time and resources, and resistance to
change (Sfakianaki & Kakouris, 2020) (Dellana et al., 2020) [12,19]. In order to meet the
challenges, Ivanova et al. (2014) [20] suggested three alternatives: (I) incentive, (II) design
around existing processes, and (III) design using the information technology available. This
third opportunity coincides with traceability objectives, where stakeholders can share and
view data along the supply chain and measure benefits with potential opportunities; it is
also a way of improvement.

The novelty of this paper lies in its pioneering approach to systematically analyse
and compare various plastic recycling standards. It highlights the gaps and limitations in
current industry practices, advocating for improving and enhancing standardised methods
for disclosing material compositions. This study also introduces advanced analytical
testing techniques to verify composition ratios and degradation levels, providing a more
precise understanding of recycled plastics’ properties. Additionally, this paper proposes
a harmonised framework for better traceability, including a certification label system
and collaboration with regulatory bodies to enforce stringent standards. This research
aims to enhance the quality and integration of recycled resins, ultimately supporting
a more sustainable circular economy by focusing on the correlation between technical
characteristics and the functionality of recycled materials.

This paper follows a structured approach, beginning with an overview of the method-
ology used in the study. This is followed by a comprehensive presentation of the results
obtained through a comparative analysis. Thereafter, the discussion section examines the
implications of these results, providing insights and interpretations. Finally, the conclusion
synthesises the findings, highlights their significance, and outlines avenues for future
research in the field.

2. Method

The present study represents a rigorous exploration of industry-standard analysis
techniques, employing a well-established comparative analysis methodology in tandem
with an in-depth investigation into the practical applicability of such standards through a
meticulous examination of technical datasheets extracted from documentation about resin
materials available in the market. The primary focus of this study is to identify the gaps,
disparities, or imperfections that may arise when translating theoretical industry standards
into practical product documentation. This analytical framework is meticulously designed
to facilitate a comprehensive evaluation of the extent to which these industry standards
are reflected and adhered to in the technical specifications and documentation provided
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by resin manufacturers, thus shedding light on the practicality and effectiveness of these
standards within the market landscape.

The background paper (Schuyler et al., 2022) [21] was considered to identify the
industry standards used to select recycling, traceability and material standards. The
authors used an extensive identification process for industry standards related to plastic
waste. The search contained standards issued on a national or international scale regarding
plastic-related subjects; however, it deliberately omitted standards tailored to particular
product specifications. The arrangement of these standards was oriented towards a supply
chain perspective and surrounded classifications commonly employed within the context
of the circular economy paradigm. These classifications contain various supply chain
stages, including raw materials, design, manufacturing, consumer usage, recovery, disposal,
recycling (see Figure 1 for the inter-relationship of industry standards related to plastic
recycling activities), and reuse.

Polyethylene (PE) material stands for polyethylene, one of the most commonly used
plastic materials globally. It is a polymer made from repeating units of the ethylene
molecule. Ethylene is derived from natural gas or petroleum. PE can be divided into
subtypes based on its density and branching, which include high-density (HDPE), low-
density (LDPE), very low-density (LLDPE), and medium-density (MDPE). The differences
among these subcategories primarily stem from variations in their molecular structure,
branching, and polymerisation processes. Despite their differences in properties, they
are all considered types of polyethylene (PE) because they are composed predominantly
of ethylene monomers. Their distinct characteristics make each type suitable for specific
applications, ranging from flexible films to rigid containers and pipes.

According to the Organisation for Economic Co-operation and Development report
(OECD, 2022) [22] titled “Global Plastics Outlook—Policy Scenarios to 2060”, HDPE consti-
tuted 12% of the total global plastic consumption in 2019. Given the overall poor recycling
performance in the plastic industry and the fact that HDPE is known for its high recyclabil-
ity amongst other types of plastics (Zaman & Newman, 2021) [23], this study focuses on
reviewing the traceability and quality requirements in the global standards. Therefore, this
study’s analysis will focus on HDPE material. This material-specific choice results in the
analysis of four industry standards (Figure 1). Despite the global relevance of microplastics,
and their danger to the environment (Campanale et al., 2020) [24], we excluded that part
from the scope of our review because the focus is on plastic recycling activities within
waste management.

In pursuit of a comprehensive analysis to assess the practical applicability to industry
standards within the Australian context, an effort was made to establish communication
with six resin suppliers. The primary objective behind this engagement with these suppliers
was to initiate the procurement of recycled high-density polyethylene (r-HDPE) materials,
thereby facilitating an in-depth examination and evaluation of the extent to which these
materials conform to established industry standards. Two material suppliers with their
operation based in Australia and four suppliers importing in Australia from overseas man-
ufacturers were selected using a web search methodology (see Table S1 in Supplementary
Materials for the detail of the grade and value).

A limitation of this study is the relatively narrow scope of resin grades (only HDPE)
analysed to better understand the current industry practices. Future research could address
this limitation by using a survey-based methodology involving a broader range of industry
stakeholders to expand the spectrum of resin grades. Despite this limitation, the method-
ology presented in this paper remains innovative, as it was not previously undertaken.
Moreover, this novel approach can be effectively applied to the assessment of other plastic
resins. Another area for improvement of the literature review method is that grey litera-
ture cannot be systematically gathered. To improve this, we suggest employing targeted
searches in databases that index grey literature and consulting with industry experts to
identify relevant unpublished studies. This approach can be used as a follow-up study for
a future project.
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Figure 1. Standards and their relationship to one another (orange highlight is for the case study
discussed in this paper)—Polypropylene (PP), Polystyrene (PS), Polyethylene Terephthalate (PET),
Polyvinyl Chloride (PVC), Wood Plastic Composite (WPC).

3. Results

The below description of standard findings offers a comprehensive overview, and
through its examination, one can pinpoint where variations and distinctions between them
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occur. Table 1 provides a summary of identification mechanisms, while Table 2 focuses on
the assessment of quality attributes.

While each standard retains the capacity for autonomous utilisation, it is essential
to note that these standards are intrinsically interconnected within a hierarchical frame-
work. This interconnection forms a cohesive progression that collectively informs and
guides plastic recycling. To unlock its full potential, it is strongly recommended that these
standards be integrated into a unified approach. This means treating them as constituent
elements of a single overarching standard, explicitly designed for the complex domain of
plastic recycling activities. This framework would appropriately channel differentiation
and specialisation into material-specific contexts. This ensures that the standards are adapt-
able to the distinctive requirements of various plastic types and concurrently align with
the unique demands of contamination control standards tailored to the specific materials
being processed.

The overview standard’s objective (Table 1) is not centred on waste tracking; instead, it
aims to monitor the utilisation of resources and consumption linked to potential risks. Con-
versely, the remaining three standards explicitly trace the origins of waste and endeavour
to establish a unified process for its identification until some differentiation. Only one stan-
dard offers to disclose the recycled content but fails to include information on the number
of times the material has been recycled. As discussed later, the number of recycling cycles
significantly impacts the material’s properties. It is crucial to incorporate this information
into the standard, although currently, it may be difficult to obtain, especially in the absence
of a mandatory traceability system.

Such differentiation occurs, for example, with EN-15347 [25] adding a layout of under-
standing for the identification and concentration of the main polymer and its contaminants,
while EN-15343 [26] specifically tracks process variables and quality records as its core element.

Contamination level occurs most of the time at the sorting stage of the waste stream.
Gadaleta et al. (2023) [27] evaluated the existing efficiency of the Material Recovery Facility
(MRF) in Italy and demonstrated commendable results for PET and PE bottles, registering
rates of 80.2% and 92.8%, respectively. However, a notable contrast is evident in the case of
mixed or flexible packaging, where the efficiency levels attained are comparatively lower,
ranging between 55% and 50%. It is essential to note that the sorting systems used in this
case study were automated optical and manual sorting processing steps.

An optimal approach for sorting plastic waste to enhance recycling efficiency was
proposed by Lim et al. (2022) [28], taking into account economic viability. The optimal
sorting strategy is designed for four types: LDPE, HDPE, PP, and PVC. This strategic
sorting methodology marginally elevates the overall sorting efficiency by 4 wt%. Sig-
nificantly, when considering the revenue generated from selling recycled plastic, this
strategy markedly reduces the overall sorting cost by 69.28% compared to the conventional
sorting scenario.

The Circular Economy for Flexible Packaging (CEFLEX) project focused on improved
sorting procedures to improve the overall quality of recycled plastic. In the study led
by Lase et al. (2022) [29], the outcomes are compared with the traditional recycling of
post-consumer flexible plastics, revealing that the Quality Recycling Process (QRP) imple-
mented by CEFLEX yields a comparable process efficiency (64–66%) when contrasted with
conventional recycling (66%). The net recovery indicator performs superior recovery rates,
notably exceeding 90% for the transparent monolayer, as opposed to the 51–91% observed
for the coloured multilayer.

Given the variations in sorting technologies (Taneepanichskul et al., 2022) [30], the
mention of the choice of technology within the traceability model could guide the as-
sessment of contamination levels in specific material streams, functioning as an indicator
of confidence.

Quality assessment (Table 2) is the core segment for two of the standards, namely,
EN-15347 [25] and EN-15344 [31], while the other two do not express specific guidelines.
The quality assessment test grid differs between the two standards. Some tests become
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either mandatory or optional from one standard to another, although the material-specific
standard offers a wider array of tests to appreciate the degradation level. Similarly, the two
standards do not provide any range value for quality assessment or the sampling process;
therefore, the user’s appreciation of quality results needs to be balanced using comparative
data from their own experience or virgin-grade materials.

Table 1. Standard traceability focus.

CEN TR 15353 [32] EN 15347 EN 15343 EN 15344

Description Overview Characterisation of
general plastic waste Traceability Material-specific PE

Batch identification Not included Yes Yes Yes

Form of the waste Not included Yes Yes

History of the waste (source,
use, and final fate) Not included Yes Yes Not included

Main polymer concentration Not included Yes Not included Not included

Other polymer concentration Not included Yes Not included Not included

Process variable record Not included Not included Yes Not included

Quality control test record Not included Not included Yes Not included

Recycled content Not included Not included Yes Not included

Resource used Yes Not included Not included Not included

Energy consumption Yes Not included Not included Not included

Air and water emission Yes Not included Not included Not included

Waste generated Yes Not included Not included Not included

Risks to the environment Yes Not included Not included Not included

Surprisingly, none of the standards offer direction for sampling procedures. The role
of the sampling standard procedure is to ensure representative and accurate data collection,
facilitating informed decision-making based on a subset of data from the larger population.
CEN-16010 and CEN-16011 have been established for this purpose, the first describing the
sampling procedure while the second offers sample preparation guidance.

Table 2. Standard quality focus.

CEN TR 15353 EN 15347 EN 15343 EN 15344

Impact strength Not included
Yes, following EN ISO
179-1 and EN 179-2 or

EN ISO 180
Not included

Yes—Optional, following EN
ISO 180, EN ISO 179-1, and

EN ISO 7765-1

Melt flow index Not included Yes, following EN ISO
1133 Not included Yes, following EN ISO 1133

Vicat softening
temperature Not included Yes, following EN ISO

306 Method A Not included Not included

Additives,
contaminants, moisture,
volatiles

Not included

Yes, but no method
instructed except for

the moisture test
following EN 12099

Not included
Yes—Optional, using method
in annex, and EN 12099 for

the residual humidity

Ash content Not included Yes, following EN ISO
3451-1 Not included Yes—Optional, following EN

ISO 3451-1

Tensile strain at
break/Yield Not included Yes, following EN ISO

527 (part 1 to 3) Not included Yes—Optional, following EN
ISO 527 (part 1 to 3)
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Table 2. Cont.

CEN TR 15353 EN 15347 EN 15343 EN 15344

Density Not included Not included Not included Yes, following EN ISO 1183-1

Bulk density Not included Not included Not included Yes—Optional, following EN
ISO 60

Filtration level Not included Not included Not included
Yes, using mesh size to

indicate the opening of the
finest filter

Colour/transparency Not included Yes, by visual
assessment Not included

Yes—Optional, following
ISO 18314-1, ISO 13468-1,

and visual assessment

Particle size Not included Not included Not included Yes—Optional, following
ISO 22498

LDPE content Not included Not included Not included Yes, following ISO 11357-3

PP content Not included Not included Not included

Yes—Optional, using
infrared spectrometry

(Fourier-Transform Infrared
Spectroscopy (FTIR)) or

Differential Scanning
Calorimetry (DSC)

The subsequent step involves a comprehensive analysis to assess the feasibility and
applicability of the established standards in the context of a comprehensive evaluation of
commercially procurable r-HDPE grades. This exercise will include a detailed evaluation of
the technical datasheets corresponding to r-HDPE resins, clarifying these materials’ critical
characteristics and properties.

The datasheets of HDPE recycled resins were collected from six resin suppliers avail-
able in Australia, representing thirteen diverse grades (Table 3). Notably, within this
spectrum of HDPE recycled resin suppliers, one particular supplier, accounting for two of
the grades, is distinguished for providing information explaining the composition material
for its packaging.

Table 3. Technical data-sheet quality test grid.

Number of Grades Concerned Note

Colour 7

Melt flow index 13

Various test method conditions used but primarily
methodology used is 190 ◦C and 2.16 kg weight
(11 grades)
Three grades display value range instead of
data point

Density 13 Five grades display value range

Tensile strength at yield 6

Tensile strength at break 7

Elongation at break 9 Two grades display a value range

Impact strength 10 Two methods used
Two grades display a value range

Vicat softening temperature 1

Ash content 2 One grade displays value range

Moisture content 2 Both grades display value range

For more detail, see Table S1 in Supplementary Materials.
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Each of the grades distinctly showcases its envisioned purpose within the scope of
utilising recycled resin, effectively delineating the targeted applications that align with the
inherent properties and characteristics of the respective materials. Intriguingly, among
these diverse grades, a subset of precisely five grades judiciously advises against em-
ploying the material for applications involving food contact, considerations of human
health, or scenarios susceptible to environmental stress cracking, thereby underscoring the
paramount importance attributed to safety, regulatory compliance, and the preservation of
ecological integrity within these specialised contexts. Noteworthily, within this matrix of
grades, a notable trio of materials have garnered formal recognition for their suitability in
facilitating food-grade contact, an endorsement that is further bolstered by the issuance
of FDA-certified labels, solidifying their adherence to the rigorous standards stipulated
by authoritative regulatory bodies. Conversely, standing out in this intricate landscape
of grade distinctions, one specific grade attains the prestigious Eucertplas certification,
an esteemed recognition that bears testimony to its adherence to the meticulous quality
criteria delineated by this reputable certification entity.

The composition is characterised by varying degrees of recycled content. Specifically,
three of these grades exhibit 100% recycled content composition, one grade provides infor-
mation of 80% recycled content, another one shows 70% recycled content, and two grades
display 50% recycled content. However, it is imperative to note that not all r-HDPE grades
within this selection offer clarity concerning the extent of their recycled content, with a
number of these grades maintaining undisclosed or indeterminate proportions of recycled
material composition. This opacity surrounding recycled content concentration necessitates
further scrutiny, thereby highlighting the imperative for transparency and comprehen-
sive disclosure within recycled HDPE resin production and distribution, particularly in
promoting sustainability and informed consumer choices within the polymer industry.

Two distinct suppliers, collectively representing three unique grades, conscientiously
supply details about the potential contamination ratios within their respective offerings.
Among this subset of grades, a notable pair certifies an impeccable contamination ratio
of 0%, reaffirming their commitment to ensuring the purity and quality of their recycled
materials. Meanwhile, one particular grade stands apart by specifying a contamination
allowance of up to 6%, although it omits explicit specifications regarding the precise
identification or characterisation of these contaminants. This omission underscores the
need for further investigation into the compositional integrity of this grade.

A subset of eleven HDPE resin grades discloses the provenance origin for traceability
purposes. Two of these grades can be traced back to their industrial waste source within
this subset. In contrast, the prevailing majority of grades, totalling nine in number, are
traceable to post-consumer sources. This finding substantiates the considerable influence
of post-consumer recycling initiatives in the sourcing and composition of these HDPE
resin grades, indicative of an effort to contribute to the circular economy and resource
sustainability. Furthermore, in clarifying the geographical origins of these HDPE resin
offerings, it is determined that a distinctive subgroup of four grades within this sample
provides explicit information regarding their country of origin. This manifestation of
geographical transparency allows for an even deeper level of insight into the provenance
of these HDPE grades, shedding light on the regional and global dynamics that underpin
the recycling and utilisation of waste materials in producing recycled resins. One supplier,
equivalent to four grades, discloses crucial carbon footprint data points about their HDPE
resin offerings. The transparency offered extends to providing comprehensive “cradle-
to-gate” carbon footprint data, an encompassing assessment that meticulously tracks the
environmental impact of the resin from its inception at the raw material extraction stage
(the cradle) to the point of its manufacturing and delivery (the gate).

The following focus will be on a comprehensive examination of various physical-
property attributes of the r-HDPE grades.

Within the context of the prior discussion, which centred on outlining a standardised
test list, it becomes pertinent to acknowledge that resin suppliers, in their pursuit of



Sustainability 2024, 16, 5122 10 of 16

comprehensive and informative documentation, extend their commitment to transparency
beyond the established standard testing protocols but not following all of the testing
methods outlined within the standards. The resin suppliers did not follow the industry
standard protocol but established their own version of a quality reporting system.

Each assessed grade report uses an ASTM test standard, an internal methodology, or
an ISO test method. While these test methods should be similar, our analysis found no
clear concordance between ASTM, ISO, or internal methods. Therefore, it is imperative
to either list all comparable test methods or harmonise them to enable stakeholders to
compare each property across different materials properly. This approach is exemplified
through supplementary testing results encompassing a diverse array of physical and
mechanical attributes, each contributing distinctive relevance in explaining the material
characteristics of grades. Amongst the additional data offered is the flexural modulus,
which encompasses a set of ten grades and provides insights into its structural rigidity
and mechanical behaviour. Flexural strength, documented for four grades, offers data on
the material’s resistance to deformation under applied loads. Furthermore, stress cracking
resistance, evaluated for three grades, is essential in discerning the material’s resistance to
the effects of stress-induced cracks, a key consideration in applications where durability
is of prime concern. Hardness, quantified through the Shore D scale and assessed for
two grades, provides data on the material’s surface resistance to indentation and abrasion,
thus informing its suitability for specific applications. Melting point temperature, presented
for two grades, outlines the temperature at which the solid material transitions into a
liquid state, explaining its thermal behaviour. Additionally, colouration following internal
methodology, with distinctions amongst grades, is categorised into three levels: A grade,
represented by one grade; B grade, represented by three grades; and L grade, accounting
for three grades. This discerning approach underscores the profound significance of these
supplementary testing results in advancing our comprehension of material characteristics,
ultimately contributing to informed decision-making processes in polymer applications
and materials science.

Technical datasheet analysis:
The study involved a comparative analysis between virgin-grade HDPE sourced from

the MatWeb™ materials database and r-HDPE from various supplier streams available
in Australia. The substantial variability observed (see Supplementary Materials) in the
test results can be attributed to several factors, namely, the uncertainty surrounding the
purity of the materials, the unidentified degradation processes at play, and the presence of
undisclosed elements such as additives or the potential re-engineering of the r-HDPE. In
the subsequent section, we will explain how these variables can impact the overall quality
of r-HDPE. The ultimate objective is to mitigate this observed variability and establish
a more consistent and stabilised quality standard. Variability in virgin HDPE (v-HDPE)
occurs during the material engineering steps, where its properties are built according to
application requirements.

The standard does not anticipate any deviation range or a fixed value, as predicting
the degradation level proves impractical, and a straightforward comparison with the virgin
grade is rendered complex owing to the diverse engineering methodologies employed.

4. Discussion

In the previous section, we delved into the comprehensive examination of the standard-
ised test grid and the technical datasheets derived from a spectrum of available r-HDPE
grades. However, it becomes evident that the test results obtained from these distinct
recycled grades and those discerned from the analysis of virgin-grade counterparts exhibit
a noteworthy degree of variability. This substantial divergence in test outcomes across
the various HDPE grades prompts an in-depth exploration, which we shall undertake
in this section, aimed at unravelling the underlying factors and rationales that underpin
this observed heterogeneity. We will clarify the reasons behind this apparent variability
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and provide comprehensive explanations, clearing the complexities contributing to this
dispersion in test results.

First, it is essential to note that most studies testing the properties of recycled plastic
use materials without additives or specify certain additives while ensuring that the material
is carefully selected to avoid mixed compositions. Although the results from these studies
highlight the variability of the properties, as discussed below, this paper highlights the ne-
cessity for improved traceability by disclosing material compositions upfront. Additionally,
it emphasises the development of more analytical tests to verify composition ratios and
degradation levels. By implementing these measures, the recycling industry can establish a
harmonised framework, facilitating the use and integration of recycled resins.

Blending recycled content with virgin grade occurs when stakeholders want to in-
corporate recycled content into their production or products for various reasons: some
for economic benefits, some for sustainability claims, circular economy principles, etc.
Not every product uses 100% recycled content, also due to the variability in the property
or quality level of the recycled material stream. Recycled materials suffer degradation
during their previous life cycle until they are converted into recycled pellets ready for
use again. Thermal processes used to convert material into product, mechanical stress
during product use, environmental conditions on the product from its usage up to the
management of its waste, mechanical recycling operation including shredding and thermal
processes used again, but also additives or the material composition itself, which is rarely
100% mono-material, affect properties.

The effect of blending v-HDPE with r-HDPE was experimented by Zhang et al. (2023) [33]
and it was demonstrated that an increase in virgin ratio improves mechanical properties and
fatigue performance. It also led to slower crack propagation, which is correlated with purity
content in the mix, meaning that the presence of more contaminant in the blend increases
the possibilities of fatigue performance, which needs further investigation as to whether the
r-HDPE would have known contamination or not. The authors used Differential Scanning
Calorimetry (DSC) to measure the crystallinity level of virgin and recycled grades, and the
results showed a reduced crystallinity for r-HDPE by 23.49%. Crystallinity restricts molecular
movement above the glass transition and raises the modulus; the higher the crystallinity, the
more rigid the polymer (McKeen, 2021) [34].

Another study led by Nguyen et al. (2022) [35] examined the effect of various me-
chanical tests for HDPE pipes and compared virgin-grade products with recycled content
products. Regardless of their composition, all materials met the requirements for the appli-
cation. While this result sounds interesting, knowledge about the recycled composition
would have been highly relevant to be considered for comparison data.

The cleaning process can significantly influence the quality and properties of recy-
cled material, as demonstrated in this research (Santana & Gondim, 2009) [36]. Notably,
sodium hydroxide (NaOH) substantially impacts the oxidative degradation of high-density
polyethylene (HDPE). In instances where HDPE is subjected to treatment with a NaOH
solution, noticeable effects are observed. These include a reduction in the decomposition
temperature, as evidenced by Thermal Gravimetric (TG) analysis, as well as a decrease in
the Oxidative Induction Time (OIT), as determined through Differential Scanning Calorime-
try (DSC) analysis.

Another study involved a comparative analysis between virgin-grade HDPE and
recycled HDPE sourced from various waste streams and subjected to diverse processing
conditions. Alzerreca et al. (2015) [37] showcased a real reduction in material properties
compared to the baseline properties exhibited by the virgin-grade HDPE. The substan-
tial disparity in molecular weight reduction observed between the recycled resin and
its virgin counterpart is of particular significance. This diminution in molecular weight
is a consequence of a multifaceted process that transpires throughout the material’s or
the product’s preceding service life and occurs during its recycling stages, particularly
in the context of mechanical recycling technologies. This decrease in molecular weight
holds profound implications for several material attributes, including mechanical strength,
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chemical resilience, resistance to abrasion, brittleness, and viscosity. An instrumental
stride toward achieving improved outcomes resides in mitigating contaminants, a goal
that can be facilitated through enhanced sorting methodologies or advanced technolo-
gies. Furthermore, re-engineering waste materials to elevate their quality levels consti-
tutes a crucial endeavour, as it contributes to reconstructing the material’s structural and
functional integrity.

Chemical migration has been observed in plastic products, posing significant risks
during recycling activities if the composition of the feedstock is not well documented. Un-
known or unregulated substances can migrate into new materials, potentially introducing
hazardous chemicals such as flame retardants, to mention but one, into consumer prod-
ucts and compromising safety standards (Gerassimidou et al., 2023; Kajiwara et al., 2022;
Rung et al., 2023) [38–40]. This consideration might be true for microplastics but would
need further analysis, as a future recommendation. This is one of the challenges this paper
is trying to highlight when disclosing composition material in the traceability section of the
standard and validating the statement by upscaling the quality appreciation of the recycled
feedstock by using analytical tests.

Another critical consideration is the number of recycling cycles to which a material is
subjected (Oblak et al., 2015) [41]. It is established for all polymer materials that the more a
material undergoes repeated recycling cycles, the more significant the adverse impact is on
its quality and inherent properties (Jiun et al., 2016; Kuram et al., 2016; Sergi et al., 2023;
Soriano et al., 2006) [42–45]. In product manufacturing practices, a prevalent incorporation
of recycled content at varying ratios exists. However, this integration is often executed
without concurrently implementing robust traceability systems that comprehensively and
transparently disclose the material’s origin, composition, and recycled content ratios, as
stipulated by industry standards discussed previously. This need for more traceability
significantly complicates the recycling process’s re-engineering phase. Empirical findings
presented in the study of Oblak et al. (2015) [41] underscore that while up to ten recycling
cycles may yield results that are relatively comparable to the material’s virgin state, a
marked decline in material properties is observed beyond this threshold. Consequently,
the material undergoes such a substantial transformation from its original virgin form that
its suitability for subsequent applications becomes increasingly challenging to ascertain.
In light of this scenario, alternative recycling technologies such as pyrolysis or chemical
recycling may present viable options. Nevertheless, it is imperative to conduct a rigor-
ous economic evaluation of these alternatives and to address the intricate challenge of
segregating materials resulting from multiple recycling cycles, particularly distinguish-
ing r-HDPE from virgin or other r-HDPE counterparts—unless, of course, a traceability
system synergised with artificial intelligence technology is implemented to facilitate this
discrimination process.

Having explored potential sources of variability and their consequential implica-
tions, it has become imperative to delve into the precise methods by which we can en-
hance the existing standard test grid. This enhancement can be achieved by including
Supplementary Material testing methodologies, which are comprehensively explained and
corroborated in academic literature.

In order to highlight such a degradation process, Stromberg and Karlsson (2009) [46]
established a test protocol for a description of the mechanical, physical, and chemical
property changes during recycling and service life by combining several reprocessing
cycles and thermo-oxidation methods. Through the thermo-oxidation method, the poly-
mer chains are cleaved, and the resulting shortened chains are terminated with oxy-
genated functional groups, including carboxylic acids, esters, ketones, and aldehydes
(Kumagai et al., 2022) [47]. This protocol was used to compare virgin grade and recycled
resin, including multiple cycles of recycling; it would be a good baseline for improving the
industry-standard testing grid.

While the standard’s relevance primarily lies in its capacity to uncover partial degra-
dation within the scope of quality assessment, the degradation process of recycled plastic
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involves the analysis of three distinct degradation components: the degree of degradation,
the degree of mixing (or composition), and the presence of low-molecular-weight com-
pounds (Vilaplana & Karlsson, 2008) [8]. The assessment of degradation levels aims to
pinpoint variations in mechanical characteristics, structural modifications encompassing
crystallinity and glass transition temperature, and chemical alterations. Simultaneously,
the evaluation of mixing levels highlights the existence of additives, be they mineral or
organic charges, and other polymers. Additionally, scrutinising low-molecular-weight
compounds offers insights into contaminants and additives alongside the degradation of
products attributed to the plastic’s life cycle.

The suggested improvement to the testing grid, aimed at comprehensively elucidating
the intrinsic value of properties in recycled plastics, entails integrating a multifaceted
analytical approach. This involves the incorporation of Gas Chromatography–Mass Spec-
trometry (GC-MS) for assessing odour levels and thermal analysis via Differential Scanning
Calorimetry (DSC) and Dynamic Mechanical Analysis (DMA) to scrutinise aspects such as
crystallinity, melting behaviour, morphology, thermal history, and viscoelastic behaviour.
Additionally, the inclusion of Oxidative Induction Time is particularly relevant for recycled
high-density polyethylene (r-HDPE) as a robust indicator, as delineated by Stromberg and
Karlsson (2009) [46]. Further enhancement is achieved by evaluating molecular weight
distribution and composition using Size-Exclusion Chromatography and mass spectro-
metric methodologies. Cozzarini et al. (2023) [48] explore the combined use of infrared
spectroscopy and calorimetry in real-world scenarios, specifically for the quality control of
recycled pellets composed solely of polyolefins. Calibration curves were developed for in-
frared spectroscopy to enable quantitative analysis of common polymers in the plastic waste
stream. This allows for the determination and tracking of composition and contaminants
in recycled pellets across different production batches.

Investigating alterations in chemical functional groups can be accomplished through
vibrational spectroscopy or nuclear magnetic resonance. Gas Chromatography (GC) and
High-Performance Liquid Chromatography (HPLC) are strategically employed to identify
contaminants and discern additives present in minimal concentrations, thereby contributing
to an exhaustive and nuanced evaluation of recycled plastic properties. This becomes par-
ticularly crucial when dealing with materials containing specific additives in their polymer
matrix, as seen in electronic products incorporating distinct flame-retardant components in
their blends (Taurino et al., 2010) [49].

Adding to the complexity level by using multiple industry standards related to plastic
waste requires careful integration to ensure consistency, effectiveness, and efficiency across
the entire recycling process. Therefore, we propose the creation of a single comprehensive
document that consolidates all necessary information for data sampling, traceability, and
material characterisation. This document should encompass all material types, includ-
ing specific case studies on potential contamination, and outline possible applications.
Such a resource would be highly valued by industry stakeholders, greatly enhancing its
practical utility.

5. Conclusions

Due to the scarce availability of scholarly studies reviewing plastic standards and
requirements, this paper analyses various plastic recycling standards, focusing on HDPE.
It compares these standards to better understand current industry practices and the re-
quirements for traceability and quality standards. Additionally, a comparative assessment
has yet to determine whether industry stakeholders adhere to these regulatory guidance
documents and how they are implemented in practice.

An industry standard framework should help to advance the recycling industry and
improve the quality and integration of recycled resins. The gaps in the traceability and
quality requirements identified in this study affirm that it is essential to further improve
standardised methods for disclosing material compositions, implementing advanced ana-
lytical tests to verify composition ratios and degradation levels. Developing a harmonised



Sustainability 2024, 16, 5122 14 of 16

traceability and quality framework and introducing a certification label system can ensure
comprehensive and transparent material disclosures, while collaboration with regulatory
bodies to enforce stringent traceability standards will promote uniform recycling practices.
Employing advanced analytical techniques such as FTIR, DSC, and chromatography will
provide accuracy on recycled plastics’ chemical and physical properties, which are crucial
for assessing their suitability for various applications. These measures will collectively
enhance the efficiency and reliability of the recycling process, facilitating the integration
of high-quality recycled resins into new products and supporting a more sustainable
circular economy.

Applying a correlation between the technical characteristics of recycled material is key
in outlining its functionality and the potential substitution of virgin material across diverse
markets where the material might find application. This dynamic highlight a value addition
to the recycled material’s functionality. It can only happen if the property assessment is
complete to fully appreciate the material functionality.

While the necessity for multiple standard papers, with its inherent financial implica-
tions, is not imperative, a pragmatic approach could involve the development of a singular
framework exclusively tailored to recycled plastic material. It is essential to underline
that the use of recycled material in product applications or selection should adhere to
compliance standards, irrespective of whether the material is of virgin or recycled origin,
in whole or partial measure.

A notable limitation lies in the economic evaluation of the investment in analytical
equipment and the requisite skilled personnel for integration. Alternatively, an envis-
aged scenario involves third-party entities serving as testing laboratories, contributing to
providing quality information for stakeholders with similar economic implications. The
voluntary nature of compliance for certification also presents a crucial constraint. Address-
ing this challenge necessitates exploring strategies to incentivise and elucidate the benefits,
particularly economically, thereby fostering broader adherence.

Furthermore, there exists an opportunity for in-depth analyses encompassing the
entire spectrum of recycled grades within a specific material, exemplified by high-density
polyethylene (HDPE) and extending to other materials. This comprehensive exploration
holds the potential to yield insights into the distinctive characteristics and applications of
recycled grades, contributing to the evolution of sustainable material practices.

Given that 91.83% of plastic is not recycled, the gaps identified in the traceability
system, and the lack of standard applicability amongst the evaluation of the recycled
material, applying the concept detailed in this paper would significantly increase the level
of recycled plastic and build trust amongst industry stakeholders able to use more recycled
content within their activity.
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