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1. Introduction

Scotland’s ambition to become a net zero and circular
economy nation is underpinned by the recognition
that material consumption and waste are primary
drivers of climate and biodiversity pressures. Around
four-fifths of Scotland’s carbon footprint comes from
the products we manufacture, consume and discard
(Scottish Government, 2022). Reducing waste and
moving resources higher up the waste hierarchy is
therefore essential for meeting Scotland’s obligations
under climate and biodiversity targets (Scottish
Government, 2025).

Persistent organic pollutants (POPs) present a
particularly acute challenge. These synthetic chemicals
have very long half-lives and bioaccumulate through
the food chain (Gluge et al., 2020). They occurina
wide range of industrial and consumer products, from
forever chemicals in electronics and furniture (such as
brominated flame retardants) to textiles and
firefighting foams (such per-and polyfluoroalkyl
substances - PFAS).

Under the Stockholm Convention, POPs above
regulatory thresholds must be destroyed or
irreversibly transformed. In practice, the only option
currently available in Scotland is high-temperature
incineration at 800-900°C. This ensures destruction
but prevents viable energy recovery, and thus
undermines resource efficiency and sits
uncomfortably with Scotland'’s circular economy
ambition.

Objectives

This project seeks to addressissuesand challenges to the circular
economyas posed by POPs by consideringnew and emerging
technologies (or practices) that can either remove POPsfrom
materials, allowingthemto move up the waste hierarchy, or
improve separation toensure thatthe loss of resource is minimised.
Thiswas done through the following objectives:

1. Identifycurrentand emergingtechnologiesthat could
improve Scotland'’s ability to identify and separate POPs
materials (including at waste collectionand treatment
centres).

2. Identify currentand emergingtechnologies that could be used
totreatwaste/materials containing POPs, withan emphasis
on moving material up the waste hierarchy.

3. Summarisethe potential benefitsand limitations of each
technology (e.g. cost, carbonintensity) within a Scottish
context, the range of materialsthat the technology may be
appliedtoand suggesta ‘Technology Readiness Level for each
technologyassessed.

4.  Drawingonintemational experience where applicable, and/or
relevantexperience fromothertechnology sectors, identify
opportunities for Scotland to create an effective R&Dand
implementation environment to drive progressinthis area.




2. Research Undertaken

The review drew ona mixedapproach usinga literature review, a
source-pathway-receptor modeland a stakeholderworkshop:

* Literaturereview: A rapid review of peer-reviewed and grey
literature was undertakento map the occurrence of POPsin
Scottish-relevant waste streams and to identify technologiesfor
identification, separationand treatment. Where datawere
lacking, estimates were drawn from England, Walesand the
Republicof Ireland, which share similar regulationsand waste

streams (European Commission, 2019; ECHA, 2021; DEFRA,
2022).

*  Source—Pathway—Receptor model: A Source-Pathway-
Receptor (SPR) model was created as a way to conceptualise
the main pathways by which POPstravel, disperse, and interact
withthe environmentand potential receptors (Figure 1). The
SPR conceptual modelfocused on POPsidentified previously,
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namely polychlorinated biphenyl (PCBs), PBDEs, HBCDD, PFOS,
PFHXS, PFOA and hexabromobiphenyl. A comprehensive
assessmentwas carried out, placing particularemphasison
POPs presentin contaminated solid waste. Thisfocuswas
driven by the recognised need to develop effective strategies
for recyclingmaterials containing POPs while ensuring
environmental safetyand regulatory compliance.

*  Stakeholderengagement: A workshop with representatives

fromresearch, policyand industry was held to validate findings
and ensure practical realitieswere reflected.
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Figure 1. Source-Pathway-Receptor model to show how POPs travel, disperse, and interact with environment and potential receptors. Recycling
and reuse pathways that move waste up the waste hierarchy are included. Accepted practices (e.g. incineration) are in solid Ine, and potential

pathways if POPs waste is not managed correctly is in dash-dot line.




3. Results

3.1 Objective 1

POPs presentin solid waste can enter the environment througha
variety of pathways, depending on the disposal method used.
ltems containing POPs should not be safely disposed of in general
waste. If solid waste containing POPsis disposed of into landfills,
these chemicalscanleachinto nearby soils (Melnyketal., 2015).
Recydling POPs contaminated waste can introduce new
environmental exposure pathways, potentially leadingto
unintended contamination.

Key pathwaysinclude:

1. AirbomeEmissions

2. WaterContamination

3. ProductRecontamination

The evidence review confirmed that several POPsremain
widespread in products thatare now reachingthe waste stream.
The main compounds of concemare brominated flame retardants
suchas PBDEsand HBCDD, and per-and polyfluoroalkyl substances
(PFAS)including PFOS, PFOA and PFHxS. These substancesare
foundin many everyday materials—frominsulation boardsand
vehicleinteriorsto sofas, mattresses, carpetsand electrical
equipment (European Commission, 2019; DEFRA, 2022).

High concentrationsare particularly assodiated with older furmniture
and electronics, where flame retardants were used extensively
before restrictions wereintroduced (Harrad et al., 2019). This
makeslegacy waste a key challenge: oncethese productsenter
recydlingor disposal, it becomes very difficult to separate POP-
containingfractionsfrom safe material.

At present, only a smallnumber of tools existto help waste
operatorsidentifyand separate POPs. Density separationand
handheldX-ray fluorescence (XRF) are the mostadvanced
techniques. There is potential for sorting waste accordingtoits
known potential for contamination by POPs with density
separation (Harrad etal., 2019). There have been significant
limitationstoo. For example, XRF can detectbromine asa marker of
brominated flame retardants but cannotidentify which specific
compoundsare present (van der Veenand de Boer,2012). Asa
result, waste managers often have to rely on broad assumptions
ratherthan precise chemical data, which leads to precautionary
incineration of entire waste loads.

Workshopinsights

Stakeholdersat the workshop reinforced the evidence as outlined
above. Industry participants stressed that the chemical content of
manyimported orlegacy productsis unknown, makingt risky to
attempt recyding. Waste managersdescribed the practical
challenges of separating POPsat scale, especially when materials
are compositessuch as foamsbondedto fabrics. Policymakers
highlighted the lack of rapid testing facilitiesin Scotland, which forces
operatorstotreat mixed waste as contaminated and incinerateit
ratherthan risk breaching regulations.




3.2 Objective 2: Treatment Technologies

The review identified a wide range of technologies being explored
totreator destroy POPsin waste. Thesefallintofour main
categories:

*  Physicaland chemical processes suchas Creasolv®, which
selectively dissolves plastics to separate them from POPs, and
supercriticalfluid extraction or microwave-assisted extraction.
These approaches have shown promisein laboratory trialsbut
remainexpensiveand limitedin scale.

*  Advanced oxidation methods, including photochemical
treatments and hydrothermal oxidation, which use light,
pressureor heat to break down persistent chemicals. These can
be effective but are highly energy intensive.

*  Thermalapproaches, suchas gasification, pyrolysisand
smouldering combustion, which can destroy POPswhile
recoveringenergy. However, they risk producing toxic by-
productsif nottightly controlled.

*  Biological methods, like bioleaching, have mainly beentestedin
electronicwaste to recovervaluable metals, with mixed results
on POP breakdown.

Overall, the review found that only density separation, handheld
XRF and Creasolv® have reached beyond laboratorytrialstowards
commercial use. Most other technologies are still at early research
stages.

Workshopinsights

At the workshop, stakeholderswere cautiousabout the costand
scalability of these technologiesin a Scottish context. Policymakers
questioned whether regulatory rules under the Stockholm
Conventionwouldeven allow material recovery if POP levels were
onlyreduced ratherthan completely destroyed. Researchers
however saw potentialto adapt existingtechnologiesfrom other
wastesectors, such as hydrothermaltreatment to POPsif
investmentand pilot projectswere supported.

3.3 Objective 3: Benefits and Limitations

Each of the technologies reviewed comes with clear benefits but
alsosignificant drawbacks. See Appendixfor an all-encompassing
review of benefitsand limitations.

Benefitsidentified in the evidence review include the potential to:

*  Reduce reliance on high-temperatureincineration, which
currently dominates POP disposalin Scotland.

*  Recovervaluable resources, particularly plasticsand metals, that
areotherwiselost.

*  SupportScotland’scircular economyand cimate ambitions.

Limitationsare equallyimportant. Mosttechnologiesare still

expensive and small-scale, with uncertain commerdial viability.

Some, suchas pyrolysisgenerate toxic by-productsthat themselves
require safe disposal. The strongest evidence of benefitscomes

from waste electrical and electronicequipment (WEEE), while
thereis much less evidence for fumiture, textiles, or construction
materials.

Workshopinsights

Inthe workshop, stakeholders highlighted that while the theoretical
advantagesare attractive, Scotland lacks pilot facilities to test these
technologiesin practice. They also raised concems about public
acceptability of energy-intensive treatments, particularly if
emissions and residuesare notwell understood. Policymakers
stressed the need to demonstrate clear alignment with national
policy goals before new approaches could gain support.

3.3 Objective 4: Barriers and Opportunities

The review pointedtoa number of structural barriers. The most
importantis the strict legal requirementunder the Stockholm
Conventionto destroy POPs above threshold levels, which leaves
little room for material recovery. Other barriersinclude the
technical difficutty of treating composite products, the lack of
Scottish treatmentinfrastructure, and weak connectionsbetween
research, industry and regulators, which slow down the pathway
fromlaboratoryto practice.

Atthe sametime, several opportunitieswere identified. These
include setting up verification laboratoriesin Scotland to support
testingand innovation; developing digital product passportsor
chemical disclosure databases toimprove transparency of material
content; and commissioning feasibility studies to test promising
technologies. Intemnational case studies suggest there may be some
flexibility within the Stockholm Convention to trial innovative
methodsunder controlled conditions.

Workshopinsights

Workshop participantsechoed these findingsabove. Waste
managersemphasised the high cost of exporting POP-
contaminated waste and the risks of relying on limited incineration
capacity. Policymakers saw strong potential in product passports
but noted the legaland practical hurdlesin requiringindustry
disclosure. Researchers stressed the importance of cross-
disciplinary collaboration, linkingenvironmental chemistry with
policyand industrial practice, to build a supportiveinnovation
environment.




4. Recommendations

The review makes dearthat Scotland’s current reliance on high-
temperatureincinerationis not sustainable if we are tomeet our
climateand circulareconomygoals. Whileincineration ensures
destruction of POPs, it locks valuable resources out of circulation
and undermineseffortsto recover materials. Both the literature
and the workshop discussions highlighted that Scotlandis at an
early stagein exploringatternatives, but also that opportunities
exist to build momentum quickly if the right conditionsare
created.

Akeythemeacrossthe evidence was the need for stronger cross-
sector collaboration. Researchalone will not deliver solutions.
Industry, governmentand regulatorsneed to be directly involved
in shapinghow technologies are developed and tested.
Stakeholdersstressed that Scotland lacks the infrastructure to trial
new approaches, which means promisinginnovationsstall at the
laboratory stage. This createsa cycle where investmentis hard to
attractbecause no pilot facilities exist, and no pilot facilities exist
becauseinvestmentis lacking.

Investmentin researchand infrastructure will therefore be critical.
Evidence suggeststhat technologies such as Creasolv®and
hydrothermal oxidation could offer real benefitsif they were
scaled beyond pilot stage (Citations selected by the SAG).
Workshop participantsemphasised that without targeted funding,
Scotland risks falling behind other European nationsalready
triallingadvanced treatment methods.

Anather recurringmessage was theimportance of chemical
transparency. Waste managersand policymakersalike stressed
thatuncertainty about the chemical content ofimportedand
legacy productsis one of the main barriersto recycling.
Interational experience showsthat digital product passportsand
disclosure databases can give waste operatorsthe confidence to
separateand treat materials more effectively.

Finally, the review highlighted that Scotland should explore policy
innovation within the framework of the Stockholm Convention.
While the convention requires destruction of POPsabove
thresholds, there may be scopeto pilot technologiesunder
controlled conditions if compliance is maintained. Stakeholders
agreed that Scotland could positionitselfas a test-bed for
innovative but safe approaches, if the right regulatory dialogueis
established.

Summary of Recommendations:

1

Strengthenengagementacrossresearch, industryand
governmentto accelerate the translation of promising
technologiesinto practice.

Increaseinvestmentin R&D and infrastructure for POP-
containingwaste streams.

Undertake feasibility studies of alterative technologies,
assessing technical, economicand environmental
performance.

Improvetransparency by requiringmandatory disclosure of
chemical contentin products, supported by databases or
digital product passports.

Enable policyinnovation by identifying safe and compliant
pathwaysfor piloting altemative treatment methods.




5. Conclusion

Persistent organic pollutants (POPs) representa major barrierto
Scotland’scircular economy ambitions. Current relianceon
incineration s effective for destruction but wastes resourcesand
preventsenergy recovery. A range of emerging technologies
show promise, but mostremainin early development.

Scotland hasan opportunity to lead intemationally by integrating
policy, researchand industry, investingininnovationand
improving producttransparency. Without these steps, POPswill
continue to remove valuable materials from circulationwhile
posing long-termrisks to healthand the environment.

Evidence sources and references can be providedon request.
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