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• Presence of certain chemical additives (e.g. halogenated flame retardants,

perfluoroalkyl substances, and phthalates) could hinder textile recycling operations

as their presence renders end-of-life materials as “hazardous” and therefore not

recyclable;

• In 2018, there was an estimated minimum of 1.7 million tonnes of hazardous and

unrecyclable textile waste generated in the EU;

• Blanket-bans on classes of chemicals would likely be partially effective in reducing

environmental uptake of and human exposure to harmful chemicals, but could also

lead to increased use of “regrettable substitutions” with unforeseen implications;

• Legislative restrictions on chemicals must be accompanied with reduction in demand:

reducing volume of textile waste generated by reducing volume consumed, thus

eliminating necessity for huge volume of chemical additives in the first instance.

Keywords: textile recycling, persistent organic chemical, textile waste, brominated flame retardant (BFR),

perfluoroalkyl substance (PFAS), phthalates, fast-fashion, circular economy

1. INTRODUCTION

Across the world, there have been major shifts in policies regarding the management of waste
of all types. Ease of access to raw materials in the developed world and the relatively low
economic burden of creating new products (vs. reuse of end-of-life materials) had led to the
firm establishment of a linear economic model with regards to consumer goods (European
Environment Agency, 2019). There are numerous factors which have led to intense scrutiny and
decreasing popularity of this model over the last few decades: unsustainable single-use of plastic
materials due to limited petrochemical resources; high volumes of environmental uptake of plastics,
particularly in the marine environment; inadequate local waste management leading to excessive
landfilling and/or incineration with less of an emphasis on recovery/recycling; emissions of toxic
chemicals and pollutants from landfilling and incineration activities; undue burden on developing
nations where large-scale waste management/recycling operations without proper oversight or
safety considerations are available; and rapid production cycles requiring excessive amounts of
natural resources accompanied by the emission of large quantities of environmental pollutants,
including greenhouse gases (Ellen MacArthur Foundation, 2017). For these reasons and more,
major international efforts have been focused on the widespread adoption of a circular economic
model shifting toward more sustainable waste management options such as reuse and recycling,
with a commensurate shift away from unsustainable options such as incineration and landfilling.
These actions are exemplified by international treaties which set ambitious targets for more
sustainable practices within the next several decades, such as those outlined in the UN Sustainability
Goals (United Nations General Assembly, 2015) and the Paris Climate Accords (United Nations
Framework Convention on Climate Change, 2015).
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Though these efforts are very much an ongoing process,
major strides have been made toward achieving the goal of a
fully circular economy. Within the EU for example recycling
targets for relevant end of life goods (plastics, cardboard,
glass, metals, etc.) have been increasing year-on-year, with
targets currently at 50% for certain household wastes (European
Council, 2018). However, the current recycling targets do
not take into account all types of end of life materials. For
example, textiles are notably absent from inclusion in most
recycling efforts worldwide, despite being responsible for roughly
5% of municipal waste generated annually. Globally, clothing
manufacturing alone is also extremely resource-intensive, using
an estimated 44 million tonnes of crude oil, 200,000 tonnes
of pesticides, 8 million tonnes of fertilizers, and 43 million
tonnes of additives chemicals (Ellen MacArthur Foundation,
2017), all with associated GHG emissions totalling to 1.2
billion tonnes of CO2 equivalent in 2015 alone (2.5% of
global emissions for that year) (United States Environmental
Protection Agency, 2018). These figures stand in stark contrast
to the <1% of textiles that are currently sustainably recycled as
there are currently no industrialized mechanisms to meet the
surging demand (Ellen MacArthur Foundation, 2017). Within
the EU, the vast majority of end of life textiles are currently
shipped for reuse in developing countries or disposed of via
conventional landfilling and/or incineration (Pensupa, 2020).
This practice is due to be suspended by the 1st of January
2025 when, across all EU member-states, textiles are required
to become a separate recycling stream as is currently in place
for materials such as electrical equipment, plastics, glass, and
cardboard (European Council, 2018).

There are major technical and economic challenges to
implementing effective textiles recycling systems. For instance,
though methods for recycling of textiles are under development,
currently-available technologies are not yet suitable for the
myriad of materials typical in consumer textiles (Piribauer et al.,
2020; Ipsmiller and Bartl, 2021). Similarly, these systems are not
currently scalable to the degree required to process the massive
amounts of textile waste generated each year (Ipsmiller and
Bartl, 2021): some 100 million tonnes annually (Ütebay et al.,
2020), increasing by roughly 10% per year over the last 5 years
and with this trend likely continuing to increase in the coming
years (Pensupa, 2020).

There are additionally safety concerns regarding the
recyclability of textiles due to the presence of hazardous chemical
additives in various textile-based materials. EU regulations
currently limit the concentrations of certain hazardous additives
known to be used in textile items from entering the waste
stream, such as certain brominated flame retardants (BFRs)
and perfluoroalkyl substances (PFASs) (European Council,
2021), while more still are listed as Ecotoxic (European Council,
2018) or “substances of very high concern” (European Council,
2022). This is currently an ongoing issue for other polymeric
materials in consumer products such as waste electrical and
electronic equipment (WEEE) and building insulation foams
(Drage et al., 2018; Sharkey et al., 2018; European Council,
2022). These studies outline the potential for screening methods
which could separate hazardous plastics from clean and safe

to recycle materials. Many of the aforementioned restricted
and concerning chemicals are still in circulation and present
in WEEE, building insulation foams, and vehicular textiles
well-above EU-set concentration limits (Drage et al., 2018) and
would remain so were these items to be recycled as (i) methods
for rapidly screening those wastes for such hazardous substances
are still in the developmental stages and not widely used (Zhang
et al., 2015; Sharkey et al., 2018, 2020a) and (ii) methods to
remove hazardous chemicals from textile waste items on the
requisite scale do not yet exist. This is an important parallel to
the forthcoming similar issue which will encumber safe textile
screening and recycling operations in order to meet regulatory
requirements. Textiles, similar to WEEE plastics and building
materials, have been shown to contain excess concentrations of
such hazardous chemicals additives despite restrictions (Drage
et al., 2018). The need to comply with legislation regarding
their presence in waste textiles coupled with the need to prevent
further environmental uptake from their improper disposal
(Harrad et al., 2020) constitutes a very noteworthy variable in
how effective and environmentally safe textile recycling systems
can realistically be.

2. CURRENT POLICIES AND
IMPLICATIONS

2.1. Persistent Organic Pollutants and
Other Hazardous Chemicals Associated
With Restrictions
A wide range of chemicals and additives are used in consumer
textiles to impart various desirable properties on the particular
item(s). This policy brief will be focusing on three chemical
families known or suspected to be of human health and/or
environmental concern:

• Halogenated flame retardants (HFRs) which are added to
impart fire-resistance or fire-suppression properties;

• Perfluoroalkyl substances (PFASs), used to impart dirt/stain-
repellent properties;

• Phthalates, plasticizers used to improve certain properties of
textiles such as flexibility and durability;

Table 1 below summarizes the various hazards and
restrictions currently in place on some of the most widely-used
HFRs, PFASs, and phthalates in textiles.

While exact figures on the extent and prevalence of these
chemicals in various textile applications are not available, some
estimates can be made based on experimental findings from
front-line research. HFRs such as brominated flame retardants
(BFRs) (Drage et al., 2018) and short-chained chlorinated
paraffins (SCCPs) (Prasannamedha and Sentihilkumar, 2021)
are shown to be more narrowly-used in textiles: as opposed
to clothing, more regularly found in household and industrial
textiles where regulations mandate a certain degree of flame
retardancy from materials such as through the use of additive
flame retardants. One study in Ireland estimates that roughly
2.5 kg per capita of hazardous textile waste—based on BFR-
content alone—was generated in 2018 (Sharkey et al., 2018);
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this equates to potentially 1.1 million tonnes of hazardous
textile waste generated across the EU in the same year due to
restricted BFRs.1

Some estimates suggest that between 3% and 10% of textiles
in the EU have used PFASs in the manufacturing process or as
an additive on the finished article (Nordic Council of Ministers,
2019). In 2015, it was estimated that the 34.8% of PFASs produced
were utilized in the textile sector, which was projected to rise
to almost 50% by 2020. Until their phasing-out following their
listing as POPs, PFOS, and PFOA dominated the market for
PFASs for many years, though goods treated with these POPs
are likely still in circulation as restrictive measures are slow to
be adopted for various reasons (United Nations Environment
Programme, 2019a). Based on the concentration limits currently
in place, it is possible that the majority of treated textiles would be
considered hazardous based on PFAS-content (some 0.6 million
tonnes) (Nordic Council of Ministers, 2019). However, these are
preliminary estimates based on available data and more precise
quantification would require more in-depth study.

It’s estimated that over 8 million tonnes of phthalates are
produced annually, dominated by the restricted DEHP and
DINP which made up over 75% of global market share in 2017
(Benjamin et al., 2017). Though a relatively small fraction of these
phthalates are likely to be used in textiles compared to other
applications (Li et al., 2019), this is an area which requires further
investigation due to the lack of available data.

2.2. Implications of Legislative Restrictions
on Textile Reuse and Recycling
Despite the fact that the EU regulations exist to limit the presence
and prohibit the use of certain hazardous substances in consumer
articles entering the market (as well as those that entering the
waste stream), several factors prevent this from being a fool-proof
mechanism for preventing these goods from circulating.

(i) The vast majority of clothing consumed in the EU, where the
most comprehensive restrictions on POPs and other organic
contaminants are in place, are produced outside the EU (ca.
60% produced in China, Bangladesh, India, Pakistan, Vietnam,
and Indonesia) (Pensupa, 2020).

(ii) The colossal volume of textiles produced and consumed
require a seamless network of transportation to operate
effectively, potentially without proper screening checks to
ensure compliance with transboundary movement of goods.
The EU’s REACH regulation requires strict oversight of
import and export of articles treated with listed chemicals
(including those in Table 1) (European Council, 2022), while
the Stockholm Convention on Persistent Organic Pollutants
require that wastes containing POPs are not transported
across international boundaries (United Nations Environment
Programme, 2019b). However, despite this, it was reported
that 19% of apparel companies had full knowledge of their

1Based on an EU population of 447.01 million inhabitants in 27 EU states
as of 2021 (https://european-union.europa.eu/principles-countries-history/key-
facts-and-figures/life-eu_en).

entire supply chains, while only 15% had full traceability of the
materials used in manufacturing (KPMG, 2021).

(iii) Even if full supply chain knowledge was known, methods
for screening articles for these hazardous substances are
not currently available at the specifications nor magnitudes
required for the vast volume of goods (Harrad et al., 2019).
This has potential implications for (a) newly manufactured
goods containing hazardous substances which were not
properly screened at manufacturing stage; (b) goods made
from recycled materials where those materials were fully
or partially made from recycled feedstock; and (c) textiles
entering the waste stream which must be diverted from
recyclate and/or disposed of by special means (i.e., high
temperature incineration) due to hazardous chemical content
(Sharkey et al., 2020b).

The volume of textile waste generated in the EU annually which
is liable to be hazardous due to the presence of these chemical
additives could be as little as 1.1–1.7million tonnes2. This equates
to at least 4.7 billion euros of raw materials which cannot be
exported nor can it be reused or recycled3. However, the larger
issue is that screening methods for detecting these chemicals at
the requisite scale are not available, thus it is currently impossible
to know, given a specified volume of end of life textiles, which
are safe to recycle and which contain excess hazardous chemicals
(Zhang et al., 2015; Ritter et al., 2017; Sharkey et al., 2020b).
Without a guarantee from the supply-chain of the lack of any
hazardous chemical content in the articles or waste materials,
ALL such materials (whether clean or not) would be required to
be separated for specialized disposal, i.e., incineration, thus losing
the finite raw material (European Council, 2018).

3. ACTIONABLE RECOMMENDATIONS

Textile recycling as an industrial process is relatively novel and
only effectively utilized on large-scales in a few parts of the
world. The vast majority of end-of-life textiles which could be
recycled are still being disposed of along with general waste,
i.e., landfilled or incinerated. Where good recycling operations
are in effect (Nørup et al., 2018; O’Leary et al., 2021; Piribauer
et al., 2021) these are largely focused on reuse and resale through
charity shops or donations to third world regions, where end of
life materials are ultimately disposed of without the chance for
reuse. Major developments have been made in recent years to
develop sustainable textile recycling methodologies, particularly
for polyethylene terephthalate (PET)-based materials (Ipsmiller
and Bartl, 2021; Piribauer et al., 2021); however, barriers still
exist before these methods can be properly utilized. In addition to
these methods requiring substantial upscaling to meet demands,
they will likely also need to be individualized for various types

2Based on estimated 1.1 million tonnes of ELV textiles containing excess BFRs and
0.6 million tonnes containing excess PFASs (see Section 2.1 – note that reliable
figures on phthalates are not available to include in the estimate).
3Based on estimated polyester fabric cost of 2.08 USD/kg (https://www.
fibre2fashion.com/texpro/raw-material) plus 34% mark-up for production and
labor costs (https://sourcemygarment.com/2015/05/07/the-real-cost-of-fabric/),
equating to 3.15 USD/kg (appx. 2.75 EUR/kg).
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TABLE 1 | List of BFRs, PFASs, and phthalates restricted under EU Regulations and/or listed as substances of very high concern (SVHC) and candidates for inclusion in

REACH. Hazard label “POPs” covered under Regulation EU 2019/1021 (POPs); all others covered under Regulation EC 1907/2006 (REACH).

Acronym Name Hazard label Conc. Limita

HFRs HBCDD Hexabromocyclododecane POP (0.1% in waste)

PBDEs Polybrominated Diphenyl Ethers POP 0.05% (0.1% in waste)

PBBs Polybrominated Biphenyls REACH XVII

HBB Hexabromobiphenyl POP (0.005% in waste)

SCCPsb Short-Chained Chlorinated Paraffins POP

TCEP Tris(2-chloroethyl) phosphate RT

Tris Tris(2,3-dibromopropyl) phosphate XVII

PFASs APFO Ammonium pentadecafluorooctanoate PBT, RT

HpFtDA Heptacosafluorotetradecanoid acid SVHC (vPvB)

HnFDA Henicosafluorodecanoic acid SVHC (vPvB)

PnFtDA Pentacosafluorotridecanoic acid SVHC (vPvB)

PFDA Perfluorodecanoic acid SVHC (PBT, RT)

PFHxS Perfluorohexanesulphanoic acid SVHC (cPOP, vPvB)

PFNA Perfluorononanoic acid SVHC (PBT, RT)

PFOA Perfluorooctanoic acid POP 0.0000025%

PFOS Perfluorooctanesulphonic acid POP 0.01%/1 1 µg/m2 (0.005% in waste)

TFdDA Triscafluorododecanoic acid SVHC (vPvB)

Phthalates BBP Butyl benzyl phthalate XIV (RT), XVII 0.01%

DBP Dibtuyl phthalate XIV (RT), XVII 0.01%

DHP Di-n-hexyl phthalate XIV (RT) 0.01%

DPP Di-n-pentyl phthalate XIV (RT) 0.01%

DEHP Bis(2-ethylhexyl) phthalate XIV (RT), XVII 0.01%

DIBP Diisobutyl phthalate XIV (RT), XVII 0.01%

DIDP Diisodecyl phthalate XVII 0.01%

DINP Diisononyl phthalate XVII 0.01%

DNOP Diisooctyl phthalate XVII 0.01%

BMEP Bis(2-methoxyethyl) phthalate XIV (RT) 0.01%

DCHP Dicyclohexyl phthalate RT

POP, Persistent Organic Pollutant; cPOP, candidate POP; PBT, Persistent, Bioaccumulative, Toxic; vPvB, very Persistent, very Bioaccumulative; RT, Reproductive Toxicity; XIV, listed in

REACH under Annex XIV (substances requiring authorization for use); XVII, listed in REACH under ANNEX XVII (dangerous substance; restricted use).
aConc. Limit refers to limits on the substances as used in articles to be placed on the market (unless otherwise specified for waste).
bSCCPs also reported to have been used as plasticisers similar to phthalates in certain applications.

and blends of fabrics to be effective as well as be coupled with
effective collection and sorting methods to garner heterogeneous
waste materials (Ipsmiller and Bartl, 2021). In terms of the raw
textile waste, these methods should be further developed and
adopted in order to sustainably manage the vast quantities of
textile waste being produced globally. However, in terms of the
hazardous chemical additives which may be present in these
end-of-life materials, even more must be done to mitigate the
potential environmental harm.

Blanket restrictions on certain classes of chemicals (e.g., all
PFASs, all additive halogenated flame retardants, etc.) would
virtually guarantee that such hazardous chemicals are not being
circulated in consumer goods (Gobalakrishnan et al., 2021).
However, underlying issues exist which would ultimately limit
the efficacy of such restrictions or prevent actionable restrictions
from being implemented in the first place. In the case of additive
flame retardants, these are added in order to meet fire safety
standards which are largely thought to be outdated and in need

of revision to reflect modern consumer habits (ban in indoor
smoking, lower smoking rates, improved electrical equipment
safety ratings, consumer fire safety awareness, etc.) (Charbonnet
et al., 2020). However, in certain cases, alternatives do not
yet exist in cases where their use is still required such as in
firefighter apparel, aircraft components, or building insulation.
Environmentally safer alternatives must be posited, such as
novel Poly-FRs in building insulation foams to replace now
restricted hexabromocyclododecane, the former being a reactive
(chemically-bound) compound as opposed to the latter being
an additive and thus more likely to leach out. The use of these
safer alternatives must be promoted while also ensuring the cycle
of “regrettable substitutions” is prevented where replacement
chemicals may have similar hazardous properties as predecessors
(Fantke et al., 2015; Sharkey et al., 2020b). This must then be
coupled with producers making more active efforts to know all
steps of the product lifecycle (both pre- and post-consumption)
as well as assessing whether the use of certain chemical additives
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are essential for the required properties of the final product
(Cousins et al., 2019). PFASs are slightly more complex in that
they are more ubiquitously used in a wider range of consumer
goods and largely in response to consumer demand as opposed
to legal requirements (e.g., non-stick frying pans and waterproof
clothing). In this case, as well as in the case of phthalates, a
shift away from those compounds shown or suspected of being
hazardous toward those which may be safer in terms of health
effects and/or/ environmental uptake is certainly warranted.

However, especially in the case of textiles, a bigger issue
is the sheer volume of global consumption annually, only
a minute fraction of which ultimately undergoes any sort
of sustainable recycling (Ellen MacArthur Foundation, 2017).
A radical shift away from excessive consumption and fast-
fashion is therefore warranted in order to reduce the quantities
of textiles being manufactured, which will commensurately
reduce the quantities of hazardous chemicals being used and
ultimately ending up in the environment. In the interim, further
research and development of technologies for screening of
these hazardous chemicals in end of life materials is needed
in order to prevent the continuous recirculation and continued
environmental uptake of said substances while attempting to
maximize textile recycling processes (Zhang et al., 2015; Ritter
et al., 2017; Sharkey et al., 2018). Additionally, the creation
of a publically-available database on the hazardous chemical
content in textiles specifically should be developed, similar to
what has been proposed and developed for plastics (Aurisano
et al., 2021).

4. CONCLUSIONS

No single legislative solution currently exists which will solve the
issue of hazardous chemicals additives in textiles, either for those
newly manufactured or those destined for the recycling system.
Further research into the hazardous properties of textile additives

should continue and, where necessary, actionable restrictions
should be placed on their application in new goods and their
presence in recyclable materials. Further research should also
be conducted into the presence of hazardous chemicals in end
of life textiles entering the waste stream as reliable figures on
the volumes of hazardous wastes being generated annually are
not currently available. This knowledge is required as it can
aid in directing and streamlining policies for specific goods
and materials which may be of a higher priority for screening
and/or the imposing of specific restrictions due to particularly
high hazardous chemical content, rather than blanket restrictions
which lead to the disposal of large quantities of otherwise useful
raw materials.

This further research must also be accompanied by a range
of other measures to ease the burden faced by the burgeoning
textile recycling industry: revisions to fire safety standards which
unnecessarily require the use of additive HFRs; societal and
behavioral changes such as reductions in textile consumption and
shifting away from fast-fashion toward more sustainable models;
industrial changes such as improved monitoring for additive-use
in manufactured goods and imports, as well as improved and
widespread use of methods for screening of end-of-life materials
which may or may not contain hazardous substances; and finally,
improved consumer knowledge of the hazards associated with
these chemical additives to allow them to balance the necessity
for their application in consumer goods with the potential
environmental and human health hazards resulting from their
continued use.
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