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ABSTRACT

After different bans and restrictions of several brominated flame retar-
dants (BFRs) because of their persistent and toxic properties, the use of
organophosphate flame retardants (OPFRs) as alternatives have increased.
OPFRs were considered a safer group of flame retardants, but later re-
search has shown that some OPFRs also cause severe health risks. The
large increase in use of OPFRs is concerning, and one large source of the
substances in the environment is the plastic in e-waste. Simultaneously as
the use of OPFRs is increasing, the emphasize on a circular economy and
waste handling is also growing. This causes a conflict between the favorable
closed loop economy and possible toxic compounds like OPFRs having an
extended life leading to increase exposure to the environment and humans.
The aim of this thesis was therefore to discuss the extent of the problem
with OPFRs in e-waste plastic, in addition to proposing some solutions in
the circular economy.

Because of the lack of research and knowledge concerning OPFRs in a
circular economy perspective, the methodology section of this thesis was
restricted to a study proposing an approach to measure OPFRs in e-waste
plastic. Problems and solutions were then discussed considering this study
and the data gaps that were uncovered. The main findings of this thesis
were that the extent of the problem is increased by the measures set for bet-
tering the environment, and that the best solution seems to be preventing
OPFRs from entering the closed loop economy. Still, because of the great
knowledge and data gaps surrounding both OPFRs and sustainable plastic
recycling methods, this though experiment was limited. In conclusion, the
lack of information on the topic could be increasing the problem itself, and
new research must take place to solve the problem with OPFRs in e-waste
plastic in a circular economy perspective.
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SAMMENDRAG

Etter ulike forbud og restriksjoner på flere bromerte flammehemmere (BFR)
på grunn av deres giftige og persistente egenskaper, har bruken av de alter-
native fosfororganiske flammehemmerne (OPFR) økt betraktelig. OPFRer
ble ansett som en tryggere gruppe flammehemmere, men forskning har
vist at også noen av disse forbindelsene medfører alvorlige helseproblemer.
Økningen i bruken av OPFRer er derfor bekymringsfull, og en stor kilde til
disse i miljøet er plast fra e-avfall. Samtidig som bruken av OPFRer øker,
øker også søkelyset på sirkulær økonomi og avfallshåndtering. Dette skaper
en konflikt mellom en ønsket lukket økonomi, og mulige giftige forbindelser
som OPFRer som har en lang levetid og dermed økende eksponeringen for
miljøet og mennesker. Målet med denne oppgaven var derfor å diskutere
omfanget av problemet med OPFRer i plast fra e-avfall, i tillegg til å foreslå
noen løsninger innen den sirkulære økonomien.

På grunn av mangel på forskning og kunnskap om OPFRer i et sirkulær-
økonomiperspektiv, ble metodedelen i denne oppgaven begrenset til en
studie som foreslår en tilnærming for å måle OPFRer i plast fra e-avfall.
Problemer og løsninger ble deretter diskutert med tanke på denne studien
og datamangelen som ble avdekket. Hovedfunnene i denne oppgaven var
at omfanget av problemet kan øke på grunn av tiltak som er satt for å
bedre miljøet, og at den beste løsningen ser ut til å være å hindre OPFRer
fra å komme inn i den lukkede økonomien. Likevel, på grunn av den store
kunnskaps- og datamangelen rundt både OPFRer og bærekraftige resirku-
leringsmetoder for plast, ble dette tankeeksperimentet begrenset. Kon-
klusjonen er at mangel på informasjon om emnet kan øke problemet i seg
selv, og ny forskning må finne sted for å løse problemet med OPFRer i
plast fra e-avfall i et sirkulærøkonomiperspektiv.
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CHAPTER

ONE

INTRODUCTION

“Throw-away society”, consumer culture and commercialism, all different
expressions describing a society where products live short lives and the
demand for something new and improved is substantial. Because of this
culture, expressions and models like circular economy, waste hierarchy and
recycling has been created to reduce waste and pollution. The emphasis on
such measures is greater than ever, and both the idea and the intentions are
good, but what if it has the opposite effect on the environment? What if
recycling and re-using ends up releasing more pollutants and toxins instead
of reducing them?

One group of pollutants which have received more attention in recent years
is organophosphate flame retardants (OPFRs). These compounds have had
increased production and use after the ban and restrictions of brominated
flame retardants (BFRs) [1] because they were assumed to be less toxic [2].
In later years OPFRs have proved to be causing health concerns and to be
persistent in the environment [3]. More research and data on the health
effects from OPFRs exposure is still needed, but some OPFRs have been
proven to cause endocrine disruption, neurotoxicity, effects on the immune
system and different developmental effects [4]. Because OPFRs are usually
mixed into polymers, instead of chemically bonded to them, the risk of the
chemicals releasing into the environment is greater [5]. Volatilization, abra-
sion, and leaching are three different ways OPFRs are released, which can
happen during production, use, and/or disposal of products containing the
compounds [4], [5]. This means that OPFRs can be released throughout
a product’s “life”, and a longer life can mean greater concentrations of the
chemicals in the environment.

In addition to being released during production, use, and disposal, recycling
of e-waste has been recognized as a crucial source of OPFRs in the envi-
ronment [2]. Due to the steady increase in worldwide plastic production,
which has surpassed 350 million ton per year [6], the need for an increase
in cleaner production and resource efficiency has also occurred [7]. Simul-
taneously, the demand for reusable and recycled plastic is also increasing,
something that fits well with the sustainable circular economy model [6].

1



2 CHAPTER 1. INTRODUCTION

Therefore, to achieve a circular economy, recycling of e-waste is necessary
[8]. However, it is currently limited due to the presence of toxic additives
like OPFRs [8]. Taking all of this into account, this bachelor thesis aims
to discuss around the following theme:

OPFRs in e-waste plastic: problems and solutions in the
circular economy

This report will start with a background section presenting its key terms.
First flame retardants will be presented generally, before OPFRs is in-
troduced as the focus of the thesis. Both characteristics and use as well
as occurrence in the environment and specific health risks will be listed.
Further, a more in-depth description of circular economy and waste hier-
archy will be presented. The main essence of the discussion will be data
sets regarding OPFRs in the circular economy, which will be presented in
the next section “OPFRs in e-waste plastic”. The thesis will then proceed
with the discussion section, discussing the key knowledge gaps relating to
understanding the problems and solutions to OPFRs in e-waste plastic.



CHAPTER

TWO

THEORY

2.1 Flame retardants

Flame retardants (FRs) are a group of chemicals used to inhibit or sup-
press the process of combustion in different materials [9]. In other words,
the compounds can both provide protection from fire, and increase the es-
cape time if a fire occurs. FRs can therefore be critical for saving lives,
preventing injuries, and reducing loss of properties [1]. Additives such as
FRs can be utilized in commercial products like furniture, electronics such
as televisions and cellphones, and even children’s products like car seats
and clothing when mixed with resins or polymers [10]. This means that
there are FRs all around us, and because of different fire safety standards
they are used more and more [11].

Depending on their chemical composition FRs can be divided into three
main categories: inorganic, halogenated and organophosphorus-containing
FRs [1]. In addition to having the ability to inhibit or suppress fires, some
FRs have turned out to have characteristics such as being persistent, bioac-
cumulative and some even toxic to the environment and/or humans and
animals [11]. Polybrominated diphenyl ethers (PBDEs) is an example of
a group of halogenated FRs which were considered as persistent organic
pollutants (POPs) by the Stockholm convention [12], and therefore was
banned or voluntarily phased out by different manufacturers. Since PB-
DEs were one of the most common FRs before the restrictions were made,
it resulted in an increase in different FRs like organophosphate flame re-
tardants (OPFRs) [1].

2.2 Organophosphate flame retardants

OPFRs are a group of compounds used in products like plastics, textiles,
and different building materials [9]. In addition to being used as FRs these
compounds can also be used as plasticizers [13], that is an even broader
use of OPFRs. Just as many other FRs, OPFRs are usually water-soluble
and added to, instead of being chemically bound to, the products [14]. As

3



4 CHAPTER 2. THEORY

a result, they can easily leach into the environment, and do so through
the whole lifetime of the product they are added to [9]. It may therefore
be logical to assume that the amount of OPFRs in the environment will
increase as the lifetime of the products containing the compounds also in-
crease. One source of contamination and human exposure from OPFRs
that has been emphasized by previous studies is from waste handling of
e-waste[15]. To meet the fire safety regulations required, compounds such
as OPFRs have been added to the plastic casings of electric and electronic
products in concentrations up to 10-15% in weight [16]. In addition, the
use of OPFRs have increased significantly after the phase out of BFRs [1].

The effects of both environmental and human exposure to OPFRs are less
well-known than the effects of BFRs, because of lack of studies focusing on
the compounds [1]. Still, an increasing interest in OPFRs have occurred
in recent years. The concerns with OPFRs are both their persistence and
toxicity in the environment, in humans and other organisms. In later years
OPFRs have been detected in off-source areas like the Artic and the Antarc-
tic, where persistence and long-range atmospheric transport (LRAT) have
been pointed to as the reason [17]. Because of the large volumes being used
and the current exposer levels of OPFRs, research has also shown that the
compounds potentially cause harm to humans, and especially to children
[3]. Furthermore, studies have shown that different OPFRs have potential
for endocrine disruption, some are neurotoxic, they can have effects on the
immune system, different developmental effects [4] and some are even car-
cinogenic [11]. This is why OPFRs likely are a regrettable substitute for
BFRs [3]. Similar to BFRs, additives like OPFRs are also a problem when
they enter the circular economy [8].

2.3 Circular economy

The concept of a circular economy, which has been growing since the late
70s, has gotten considerably more attention in recent years [18]. One way
of describing the term is by defining its antonym, “a linear economy”. A lin-
ear economy describes the process of converting natural resources through
production into waste [19], resulting in a significant depletion of the earth’s
finite resources and a substantial amount of waste. The goal of a circular
economy is therefore to create a closed loop system that eliminates the need
for resource input and completely halts the generation of waste [18]. With
e-waste being a contestant for the fastest growing solid waste stream in the
world [19], it is crucial to consider its impact on the circular economy. Since
only 5-10% of the plastic produced in the world is recycled, different pro-
grams and initiatives are designing and actively promoting new recycling
goals for the upcoming years [6]. Simultaneously, due to the abundance of
OPFRs and other additives present in electronic waste plastics, and their
potential persistence and toxicity, various measures to limit their use are
regularly updated [8]. Despite these efforts, there is a concern that the
circular economy market, in addition to new recycling goals, may exceed
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the established guidelines and regulations set for compounds like OPFRs.
This can lead to recycling e-waste plastics containing additives like OPFRs,
which could result in their introduction into new products.

2.4 Waste hierarchy
The waste hierarchy, which is a tool applied by the European Commission’s
(EC) Waste Framework [20], suggests a prioritized order from “prevention”
at the top and “disposal” at the bottom, for how waste is managed. There
are five steps in the waste hierarchy that this thesis operates with, seen
in Fig. 2.4.1. The top and most favorable measure of the hierarchy is
“prevention”, which is also a “non-waste” option [21]. The purpose of “pre-
vention” can be divided into two categories, quantitative and qualitative
waste prevention [22]. Quantitative waste prevention means to reduce the
total amount of waste, whereas qualitative waste prevention means to re-
duce harmful substances in different products and materials. The next
measure in the waste hierarchy is “reuse”, or “preparing for reuse” as in the
EC’s Waste Framework [20]. Both formulations describe using something
more than once, with the key difference being that “preparing for reuse”
describes waste that needs adjustments before it can be reused, whereas
“reuse” itself is a “non-waste” option [22]. “Recycling” is the third measure
in the hierarchy and describes a recovery operation, where waste is repro-
cessed for either the original or another purpose. This measure does not
include energy recovery or when waste is reprocessed and used for fuel or
backfilling purposes, which, among other things, goes under the second to
last measure “recovery” [20]. The last and least favorable measure in the
waste hierarchy is “disposal”. Everything that doesn’t meet the criteria for
“recovery” goes into this category [22], which should be avoided. There are
criticisms to both the formulation and the recommendations of the waste
hierarchy [21], especially the one described by the EC’s Waste Framework,
but this thesis will not go further into that discussion.

Figure 2.4.1: Waste hierarchy inspired by [21].



6 CHAPTER 2. THEORY



CHAPTER

THREE

OPFRS IN E-WASTE PLASTIC

Electrical and electronic waste (e-waste), sometimes called waste electrical
and electronic equipment (WEEE), has been acknowledged as a significant
contributor of OPFRs to the environment [2]. One reason for this conclu-
sion is the increasingly shorter life cycles of electronic products, from use
to disposal, something that contradicts with the principles of the closed
loop in a circular economy. Another potential essential source of OPFRs
to the environment is informal handling of e-waste [16]. The global plastic
production is presently surpassing 350 million tonnes per year [6], and even
though e-waste accounts for merely 2% by weight of the overall solid waste
stream, it can comprise as much as 70% of hazardous waste that is dumped
in landfills [8]. In addition, OPFRs have proven to be anywhere between
5-30% by weight of additives used in the plastic in e-waste. The problem
arises when a circular economy aims to reuse and recycle this plastic but
are limited by the presence of toxic additives like OPFRs.

There are only few studies that have looked at OPFRs in e-waste plastic,
due to a lack of methods to measure this analytically, and the OPFRs com-
position generally not being reported by manufacturers. A recent method
that developed an approach to measuring OPFRs in e-waste plastic is the
recent study poster titled “Supercritical fluid chromatography coupled to
MS/MS for the analysis of Organophosphate flame retardants (OPFRs)”
written by Castro et al. [23]. The data most relevant from this study
are the concentrations of 16 different OPFRs in 15 types of WEEE plastic
samples, in addition to the proposed pyrolysis at 800ºC as an alternative
treatment of the e-waste plastics. As this study is one of the first measure-
ments of OPFRs in e-waste plastic, the discussion section will be mostly
based on the data from the poster. It should be emphasized again that
data on OPFRs in the circular economy available is lacking, and the the-
sis is therefore based on the limited existing data. To supplement the data
collected from the poster, various online databases were searched using key-
words such as “OPFRs”, “plastic”, “e-waste” and “circular economy”. Using
these databases allowed for gathering of additional publications relevant to
the research project.

7



8 CHAPTER 3. OPFRS IN E-WASTE PLASTIC

The e-waste plastic samples used for the study by Castro et al. was col-
lected from Norway, with some of them being different plastic types and
in different waste categories. The concentration of OPFRs in the samples
varied from 176-610 000 ng/g, with mixed grinds and pellets being the
plastic types with the highest total concentration. Six of the samples had
a total concertation >1000 ng/n, mostly the ones with the plastic type
PET, PE, or PP. TPhP and TCIPP was the OPFRs presenting the highest
concentrations with a concentration range and detection frequency (DF)
of respectively 35-279 000 ng/g, 87% and 159-61 800 ng/g, 80%. Three of
the OPFRs had a DF of 0%, while the rest varied from 13-93%. The study
acknowledges the same problem as in the previous paragraph, that there
are no sustainable recycling methods for the e-waste plastic and one of the
reasons is the high concentrations of components like OPFRs [23]. One
solution presented by the study is treatment of the materials in the form
of pyrolysis at 800ºC. This is done to remove OPFRs and preventing them
leaching into the environment. The method managed to remove more than
99% of OPFRs and can therefore be a decent option of treatment.



CHAPTER

FOUR

DISCUSSION

In this discussion section findings from the presented study will be inter-
preted in light of problems and solutions to OPFRs in e-waste plastic seen
in the perspective of circular economy strategies. As presented in both the
background and methodology section of this thesis, research indicates that
OPFRs in e-waste plastic are an increasing problem that needs solutions.
This section will therefore be divided into two parts. First, based on the
study by Castro et al. [23] in addition to other relevant literature, the ex-
tent of the problem will be discussed. What are the concerns and different
aspects of the problem? Further, some solutions in the circular economy
will be presented and discussed considering the literature. The structure
of this part will be based on the different steps of the waste hierarchy pre-
sented in the background section. Lastly, limitations of this study will be
discussed and suggestions for future research will be presented.

4.1 The extent of the OPFRs in e-waste prob-
lem

The result from the presented study indicates that OPFRs are widespread
in e-waste plastic [23]. As presented in the background section of this the-
sis, that is concerning in relation to their possible persistence and toxicity.
In the background section of the study, they start with claiming that there
are no sustainable recycling methods for e-waste. If that statement holds,
it will indicate that the problem with OPFRs in e-waste is of significant
extent. The same problem is indicated by several studies that empha-
sizes informal and primitive e-waste processing as a considerable source of
OPFRs [2], [15], [16], [24]. One reason for this may be because of the elec-
tronic industries large and rapid growth [25], that can make sustainable
waste management unable to keep up with all the waste that is produced.
In a journal written by Tullo he discusses “the dysfunction of plastic re-
cycling” [26]. Statistics presented from the US Environmental Protection
Agency showed a considerably less recycling rate of plastic compared to
paper, metal, and glass. Plastic being technically difficult to recycle was
pointed to as one of the reasons, in addition consumers being the reason

9



10 CHAPTER 4. DISCUSSION

for assorted waste and lack of methods for recycling many plastic types
[26]. Additionally, the methods used today for recycling of plastic rarely
account for removal of OPFRs or other hazardous substances, which causes
a grater emission of OPFRs in the environment.

On one side, the attention on recycling and other sustainable measures is
only increasing with the increasing amount of plastic produced globally [6].
For example, countries like USA through the American Chemistry Council
Plastic Division and the members of the European Union (EU) through
the union itself have set different recycling goals for plastic packaging for
the next two to twenty years. The EC also published their first circu-
lar economy action plan in 2015, that possibly influenced several support
studies and EU documents the following years [8]. On the other side, a sig-
nificant proportion of the e-waste produced in high-income countries has
been and is still being exported for handling in low- and moderate-income
countries [16]. Most of the research done on OPFRs and other possible
toxic compounds emitted from bad e-waste handling is therefore done in
these countries. It is assumed that approximately 90% of the recycling and
disposal done in low-income countries are done by informal sector workers,
with open burning, acid leaching, and heating of the e-waste as examples
on techniques used. This export of e-waste from high- to low-income coun-
tries are often done illegally under the disguise of “recycling” [25], but is also
exported for environmental and economic reasons [16]. All of this indicates
that regulations and goals set for e-waste handling and a circular economy
in typically western countries will have less effect than presumed. When
such a substantial amount of the waste is being exported and handled by
low-income countries, they may lack the same regulations and emphasis on
e-waste in the circular economy.

Another problem pointed out by Castro et al. is based on is that there
is no developed analyzing methods for characterizing the residues of the
e-waste [23]. Without identifying the specific chemical components of the
waste, it can be more difficult to find the best method of disposal or treat-
ment. Additionally, it can be challenging to set appropriate regulations
and guidelines for the handling and disposal of the waste without knowing
the composition of it. A similar perspective is introduced by Khan [27].
After the Basel convention in 1989 there was only an increase in the export
of toxic waste to developing countries even though the convention had the
intention of the opposite. This can be explained by the lack of appropriate
regulations for handling e-waste, which again can be traced back to lacking
knowledge of what possible toxic compounds e-waste contain. That indi-
cates that without complete documentation of the potentially hazardous
chemicals in the plastic in e-waste, it can be difficult to handle e-waste
plastic in the circular economy [6].

Another aspect of the problem with OPFRs in e-waste plastic is the circu-
lar economy perspective itself. The challenge with implementing circular
economy principles to handling of e-waste is when the waste consisting of



CHAPTER 4. DISCUSSION 11

plastic contain hazardous substances like OPFRs. As stated in the back-
ground section, the attention on circular economy and recycling measures
have only been increasing. But because the different programs and initia-
tives supporting the circular economy cannot keep up with the research
done on substances like OPFRs [8], these toxic substances end up in the
closed loop system meant for bettering the environment. On one side, a
circular economy is an important and necessary step for reducing waste and
the use of earths finite resources. On the other side, a circular economy has
the possibility to increase the amount of OPFRs leaching into the environ-
ment by extending the products lifetime. The EC’s regulation on Ecodesign
requirements for electronic displays aimed to prevent this, the accumulation
of substances like OPFRS in the waste stream that is the closed loop [8].
Even if there was a completely closed circular economy because of reuse and
recycling, without addressing the presence of OPFRs, the substances would
likely accumulate in the cycle [28]. This could cause exposure risks in prod-
ucts labeled “recycled” and that are supposedly “good” for the environment.

All these concerns show the problems several different aspects. Firstly, the
amount of electrical and electronic products being produced globally causes
a problem with the lack of resources and information on how to handle the
waste. Further, this can be one of the reasons why high-income countries,
which have the highest production and use of these products, export their
waste to countries with less restrictions and resources to handle the waste
in a sustainable way. Secondly, a circular economy program has the pos-
sibility to create more harm than good when it comes to keeping possible
toxic compounds like OPFRs from leaching into the environment. This
indicates that the benefits of circular economy approach are weakened by
the presence of OPFRs in e-waste plastic.

4.2 Solutions to OPFR in e-waste
The aim of this part of the discussion is to find solutions by examining
each step of the waste hierarchy presented in the background section. The
thesis will start by considering the typically “most favorable” step, “preven-
tion”. The discussion will then continue down the pyramid of Fig. 2.4.1.,
evaluating each step based on relevant literature.

Application of the waste hierarchy

4.2.1 Prevention
Based on what was discussed in the problem section, it might seem like
both quantitative and qualitative prevention can be part of the solution.
By reducing the total amount of waste, as suggested in quantitative preven-
tion, less e-waste with OPFRs will be circulating in the circular economy
loop, and less of the compounds will enter the environment. Also relevant
to the problem is the qualitative prevention that emphasize reducing the
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harmful substances in waste. There are several different aspects to this
solution. The most drastically solution would be to stop using OPFRs in
electrical and electronic products all together. As presented in the back-
ground section, the increase in use of OPFRs came mostly after the bans
and restrictions of PBDEs as FRs. Blum et al. claims that because use
and reuse of the banned products with PBDEs are leading to long-term ex-
posure of the chemicals, use of alternatives like OPFRs should be avoided
[3]. Since research on OPFRs are still limited even after several years of
use, that would indicate that OPFRs was likely a regrettable substitution
for PBDEs, and maybe should be cut out completely.

Another solution that relates to qualitative prevention is to reduce the
amount of OPFRs used in electrical and electronic products, not cut them
out entirely. Barouta et al. writes that controlling the application of haz-
ardous substances can be a measure used to prevent accumulation of sub-
stances like OPFRs in waste streams [8]. By controlling the use of OPFRs
from the production stage, less of the substances will end up leaching into
the environment, even with a longer lifetime because of a closed loop sys-
tem. Statistics from the National Safety Council show that fire deaths in
the United States decreased greatly from 1977 to 2021 [29]. This indicates
that there are a considerably less amount of death by fires today than 50
years ago, and maybe the need for flame retardants isn’t as big as before.
This claim will need a greater amount of research before being near con-
cluding, but it can be an argument for reducing the use of toxic FRs. If
the harmful effects of OPFRs are greater than the benefits of them as FRs,
then maybe a reduce of use would be the best option. Either way, trying
to keep possible toxic OPFRs out of the products would be favorable in a
circular economy approach [7].

In addition to reducing the use of OPFRs or stop using them all together,
another solution could be to limit the use to the least toxic and persistent
types of OPFRs. When writing about OPFRs as a possible regrettable sub-
stitution for PBDEs, Blum et al. lists chlorinated OPFRs as an especially
regrettable alternative [3]. OPFRs, and especially the chlorinated ones, are
more suitable for LRAT. Additionally, chlorinated OPFRs are considered
as persistent mobile organic compounds (PMOCs) [3]. On one hand, this
solution will achieve that the most persistent, and maybe also most toxic,
OPFRs are reduced from the plastic in e-waste. Logically this will reduce
some of the unwanted effects in both the environment and humans, because
the worst OPFRs would be removed from the e-waste plastic. On the other
hand, the use of OPFRs would not be reduced in total. This would mean
that the occurrence of unwanted effects could still occur, and the problem
with OPFRs in the circular economy would not be avoided completely.

4.2.2 Reuse
The next measure of the waste hierarchy is reuse, meaning using the prod-
ucts containing OPFRs more than ones to keep them in the circular econ-
omy loop. On one side, reuse is a preferrable “non-waste” option that fits
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great into the circular economy model [21]. Using electrical and electronic
products containing OPFRs more than ones could both be beneficial in an
economic and environmental perspective, in the sense that it can generate
less production of new products. On the other side, keeping electronics that
contain OPFRs in the loop for longer will only increase the amount of the
possible toxic compounds leaching into the environment. Without reduc-
ing the amount of OPFRs in e-waste already in the production stage, the
possible negative effects of the compounds will probably not increase. At
least the products with the highest exposure or leakage should be removed
from the circular economy rather than being reused. Still, an analysis of
the tradeoff between the positives of reusing, like climate benefits, versus
the possibility for a greater amount of OPFRs leaching into the environ-
ment, should be done. Nevertheless, this indicates that reuse would not be
a preferable solution to the problem discussed in this thesis.

4.2.3 Recycling
Recycling is the third measure in the hierarchy and is a recovery operation
where the e-waste is reprocessed for either the original or another purpose.
As suggested in the problem section of this discussion, all recycling does
not have benefitable results to the environment. Wang et al. presents re-
sults similar to multiple sources presented earlier, that primitive recycling
contributes to the release of OPFRs [30]. Further, a possible solution is
presented based on the results of the study, that when recycling workshops
are organized and planned, they can help reduce the environmental release
of OPFRs instead of increasing them [30]. Another solution could be to re-
move OPFRs from the e-waste plastic when the products are reprocessed,
so that they are removed from the closed loop that is the circular econ-
omy. This would both keep the benefits of recycling, in addition to reduce
OPFRs possible leaching into the environment. Because of the limited re-
search and analyzing methods developed for OPFRs, there is a need for
much more knowledge before this would be a realistic solution. Still, this
is just another argument for increasing the research on OPFRs.

A recent development in plastics recycling is sorting technology [31], which
could be a possible solution for OPFRs in e-waste plastic. An example is
using x-ray fluorescence (XRF) sensors to separate plastics, and possibly
sorting out the products containing OPFRs and similar compounds con-
taining phosphorous. These methods still need developing but will be a
good recycling alternative in the future. Another solution based on sort-
ing technology is sorting out plastic with low or high OPFRs content by
labelling the products as recyclable or not. One type of labeling that have
been suggested but not developed is fluorescent labeling [32]. Sorting based
on labeling would both help with the demand for more efficient sorting and
could also be a good method for sorting out plastic containing OPFRs.

4.2.4 Recovery
The second to last measure entails, among other things, using e-waste for
energy recovery. As presented from the data collected in the methodology
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section, treatment of e-waste plastic in the form of pyrolysis at 800ºC re-
moved more than 99% of OPFRs [23]. Li et al. presents a similar result,
that open burning with temperatures from 800-1350ºC lead to high OPFRs
destruction efficiencies [2]. On one hand, this would prevent OPFRs en-
tering the circular economy loop while simultaneously achieving energy
recovery. If OPFRs in e-waste isn’t prevented and there are no good re-
cycling methods for these products, then pyrolysis could be a good alter-
native for preventing OPFRs leaching into the environment. On the other
hand, pyrolysis wouldn’t be the best option for the circular economy of
plastics. Thermal decomposition of e-waste would mean turning them into
less-valuable products. However, pyrolysis can lead to partial recycling,
even though it is not a technology available in a large scale today [26].
Chemical pyrolysis has the possibility of being recycled as new chemicals,
in addition to mixed plastic types being turned into naphtha which in turn
can be broken down into petrochemicals and plastics. This would make it a
recovery a descent solution to OPFRs in e-waste plastic. Still, to this date
this is not a technology available in a large scale, and pyrolysis technology
needs further development before a solution [26].

4.2.5 Disposal
The last and least favorable option in the waste hierarchy is disposal, which
in this case means to let e-waste containing OPFRs end up in landfills and
e-waste disposal sites. Disposal is usually associated with the worst waste
handling option and is not a good solution in a circular economy perspec-
tive. This measure is associated with emission of OPFRs to the environ-
ment by several different studies [33, 34, 35]. OPFRs are then found in soil,
dust, water and humans through the food chain and inhalation. Disposal of
e-waste plastic containing OPFRs is therefore not a solution in the circular
economy, both because of the amount emitted to the environment and the
lack of use of resources.
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CONCLUSIONS

The aim of this thesis was to discuss the extent of the problem with OPFRs
in e-waste plastic, in addition to proposing some solutions in the circular
economy. In summary, the main findings of the study were that mea-
sures set to improve the environment, such as the circular economy and
the waste hierarchy, do not always match with e-waste plastic contain-
ing OPFRs. Problems like current recycling methods struggling to keep
up with the amount of e-waste produced, e-waste being sent to countries
where there is lack of good waste management infrastructure, and lack of
methods to identify and handle OPFRs in e-waste, conflicts with a closed
loop economy. Additionally, it is not always the methods that are most
favorable from the waste hierarchy that are the best solution for OPFRs
in e-waste. Without methods for removing OPFRs from products before
they are reused and recycled, the measures will only increase the amount
leaching into the environment. Still, prevention, the top measure of the
hierarchy, seems to be the best option for reducing the exposure of OPFRs.

A problem that arose repeatedly throughout the thesis, was the extent of
the knowledge and data gaps concerning OPFRs in e-waste plastic. These
gaps are both limiting the solutions and expanding the problems with the
possible toxic and persistent compounds entering the circular economy.
Firstly, there is still a limited amount of research and knowledge about
OPFRs. More information about the effects of the compounds in addi-
tion to analytical methods for determining and measuring the amount of
OPFRs in plastic, is necessary to further develop this study. Additionally,
there is a knowledge gap for how to recycle and handle plastic waste in
general, especially regarding plastic containing possible toxic substances
like OPFRs. This should be topics for future research. Nevertheless, pre-
venting OPFRs in e-waste plastic from entering the circular economy is a
necessary precaution to protect both humans and the environment from an
increased exposure. But by filling the knowledge and data gaps, one will
be several steps closer to merge the two goals of a closed loop economy and
reduced emissions of OPFRs.
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