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Abstract Aquatic or land-based plastic pollution has
raised serious concerns for ecosystems, and especially
human and animal health worldwide. A variety of leg-
islative instruments were developed to control, reduce,
and manage the usage of plastics in day-to-day life to
minimize the adverse outcomes brought by sending
these plastic to landfill. Existing legislation heavily em-
braces levies, bans, and voluntary efforts through
Breduce and reuse campaigns.^ Thus, the present review
highlights the pros and cons of the existing legislation
and its implementation. It also assesses the need for the
improvement of plastic legislation to better consider
environmental and human health impacts. The paper
proposes new efficient management strategies to aid in
the development of plastic legislation which prevents
increase of plastic pollution worldwide, the potential
challenges that would arise from its implementation,
and the mechanisms for overcoming these challenges.
The paper proposes a conventional management

strategy based on the current plastic management and
legislation. It aims to improve the feasibility and effec-
tiveness of the implementation of future plastic policies.
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1 Introduction

For over half a century, plastics have raised concerns
due to their abundance, non-degradable and persistent
nature, and their adverse impacts on biodiversity and the
environment (Gall and Thompson 2015). The global
production of plastic resins and fibers has increased
from 2 to 381 metric tons from 1950 to 2015, with a
total of 7800 metric tons over 65 years (PlasticsEurope
2008; PlasticsEurope 2016). The Asian region accounts
for nearly 50% of global plastic production, with Europe
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and North America each producing around 18–19%
(PlasticsEurope 2008; PlasticsEurope 2016). Similar
trends exist for patterns of consumption. Plastic recov-
ery ratios represent the proportion of plastic waste re-
covered and converted into reusable materials. While
overall plastic recovery ratios remain at 70% for Europe
and North America, such high levels of recovery are not
found in Asian regions (Geyer et al. 2017) (Fig. 1).

Whenmarine species ingest plastic, this can block the
passage of food, resulting in a reduced nutritional intake,
starvation, malnutrition, and even mortality (Derraik
2002). The microplastic could persist, transfer, and
bioaccumulate along the trophic level, making it very
difficult to remove (Arthur et al. 2009). Legislation
promoting responsible plastic use has been evolving to
minimize marine plastic pollution. However, despite
efforts to reduce and effectively manage the production
and disposal of plastic goods, the legacy of plastics has
instead emerged as a magnified offshoot. During 2014–
15, approximately 70–80% of marine litter was catego-
rized as plastic litters (Fig. 1) (PlasticEurope 2017).
Plastic particles less than 5 mm in size are termed as
microplastics. Primary microplastics include small pel-
lets and beads used in cosmetic and industrial applica-
tions, whereas secondary microplastics are those formed
via the phytodegradation, mechanical degradation, or
biodegradation of larger plastic debris (GESAMP
2015). Microplastics are composed of mostly six major
types of petroleum-based polymers: polyethylene (PE),

polypropylene (PP), and expanded polystyrene (PS)
which are most likely to float, and polyvinyl chloride
(PVC), polyamide (PA), also known as nylon and poly-
ethylene terephthalate (PET) that are more likely to sink
in the water column due to differences in their density
(Lusher et al. 2017). The distribution of litter in the
marine environment is determined by their relative den-
sity to marine water.

Moreover, plastic additives are another concern co-
inciding with plastic debris. The purpose of adding
additives with plastic is to increase properties like dura-
bility and plasticity, or to decrease viscosity. However,
these additives tend to leach out from the plastics and
pollute the environment (Koelmans et al. 2014). For
instance, nonylphenol (NP) which hadmigrated to water
was detected in PVC and high-density polyethylene
(HDPE) water containers (Loyo-Rosales et al. 2004).
NP is an endocrine disruptor, generating concerns over
human exposure. It is also an aquatic and freshwater
pollutant impacting marine organisms by suppressing
their growth and development (Zhang et al. 2017). As
the main degradation product of NP, ethoxylates
(NPEOs) mimic the effects of estrogen, inhibit the ac-
tivity of antioxidant enzymes, cause tissue-specific ef-
fects, and cause baseline narcosis (Tollefsen et al. 2008;
Watanabe et al. 2004; Wu et al. 2011; Zha et al. 2007).
The common types of additive include plasticizer, flame
retardant, heat stabilizer, filler, impact modifier, antiox-
idant, colorant, lubricant, and light stabilizer (Geyer

Fig. 1 Composition of marine
litter according to 10 categories
(period 2014–15) (OSPAR 2017)
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et al. 2017). Plasticizers, fillers, and flame retardants
represent nearly three quarters of all additive categories
(Geyer et al. 2017).

In recent years, efforts have been made to develop
legislative instruments which better manage and reduce
the impacts of plastic waste. This article discusses how
plastic pollution poses adverse impacts to ecosystems
and human health. It also provides a comprehensive
review of existing legislation on plastics and their im-
plementation. It assesses the need to improve the legis-
lative framework on plastics from an environmental and
human health perspective. Hence, it combines various
current plastic management strategies into one conven-
tional method to tackle impacts brought by plastic
wastes.

2 The Environmental and Human Health Impacts
of Plastics

The adverse environmental and human health impacts
discussed in the literature indicate that there is a need to
implement legislation to minimize continual growing
threats of plastic waste. As plastics have different phys-
icochemical characteristics, they tend to produce a vari-
ety of toxic effects on aquatic and human health. Cur-
rently, there are five plastic types classified as carcino-
genic (category 1A), or both carcinogenic and mutagen-
ic (category 1B), including polyurethanes, polyacrylo-
nitriles, polyvinyl chloride, epoxy resins, and styrenic
copolymers (Lithner et al. 2011). The toxicity of these
polymers is a result of their monomer constituents. The
most hazardous monomers include 1,3-butadiene, acry-
lonitrile, epichlorohydrin, and vinyl chloride, which
have carcinogenic and mutagenic abilities in their re-
spective polymer compounds (Lithner et al. 2011). Pro-
duction of such polymers has reached 37 t per year,
raising concerns over their impact on the environment
and potential human health risks (Lithner et al. 2011).

There are three stages in the production of plastic; the
production of monomers, polymerization of resins, and
the manufacturing of plastic goods (DeMatteo et al.
2012). Toxic components of plastic, such as styrene,
may release during the manufacturing process, which
poses a significant risk to workers through inhalation
(Helal and Elshafy 2013). Low-dose exposure can cause
irritation in the respiratory tract, while high-dose expo-
sures (> 100 mg/m3) can cause chronic bronchitis and
obstructive pulmonary changes (Helal and Elshafy

2013). The working environment is often heavily con-
taminated with dusts and fumes, creating occupational
exposure to category 1A and 1B plastic chemicals,
which can increase the risks posed by carcinogens and
endocrine disruptors (DeMatteo et al. 2012). The life
cycle of plastic (from production to disposal) must be
accounted for before legislation is produced. Currently,
there is a lack of policy and regulations to ensure a safe
limit of exposure for workers within the plastics indus-
try. A risk assessment of each stage of plastic production
is yet to be performed.

Apart from the human health issues, the marine or-
ganisms posed adverse impacts as well (Table 1).
Microplastic particles were found in many marine spe-
cies, such asMytilus edulis, Calanus helgolandicus, and
Scleractinian corals. The adverse impacts included
growth inhibition, energy depletion, decreased repro-
duction outputs, and respiration stress (von Moos et al.
2012; Wright et al. 2013, b; Cole et al. 2015; Green
2016; Green et al. 2016). The marine larva Tripneustes
gratilla resulted in smaller post-oral arms after they
were exposed to 300 microplastic particle/ml treatment
(Kaposi et al. 2014). The embryo of Lytechinus
variegatus also showed abnormal embryonic develop-
ment while exposed to polyethylene microplastic pellets
(Nobre et al. 2015). The energy costs of healthy egg
productions are determined by their feeding which
could lead to reproductive success of copepods (Cole
et al. 2015). The copepod ingested microplastic suffered
twofold greater energetic losses compared to ingestion
of T. weissflogii (Cole et al. 2015). Hence, there would
be less energy available for reproductive success after
ingestion of microplastics. Another adverse physiologi-
cal response was shown in European flat oyster (Ostrea
edulis) (Green 2016). The oysters showed around 2.6
times higher respiration rates while exposed to
polylactic acid (PLA) plastics (Green 2016). Different
plastic materials demonstrated different levels of toxic-
ity to the European flat oysters (Green 2016). High-
density polyethylene (HDPE) had lower physiological
effects than PLA to O. edulis (Green 2016).

3 Plastic Degradation in Marine Environment
and Microplastic Types

Plastic has high stability and durability which result in
long degradation times and tend to accumulate in the
environment (Barnes et al. 2009). The oceanic
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hydrodynamic and wind transport plastic litters in the
oceans, and it beak down as it ages (Noone et al. 2013;
Gewert et al. 2015). Plastic degradation is defined as a
decline of polymer properties through physical and
chemical reaction breakdown of the materials (Yousif
and Haddad 2013). The degradation processes can occur
in the marine environment through abiotic or biotic
pathways (Vasile and Pascu 2005; Gewert et al. 2015).
Abiotic plastic degradation is initiated by thermally,
hydrolytically, and UV radiative processes (Andrady
2011). This degradation process can break down plastic
materials into smaller polymer fragments (Andrady
2011). The biotic degradation is defined as the degrada-
tion involved with microorganism activities (Shah et al.
2008). The microorganisms excrete extracellular en-
zymes onto plastic polymers to activate the biodegrada-
tion process (Shah et al. 2008). Hence, the plastic deg-
radationmostly occurs on the polymer surface where the
area exposes to chemical and enzymatic attack (Gewert
et al. 2015). The degradation mechanisms of different
plastic materials are summarized in Table 2.

Microplastics are classified as either primary
microplastics or secondary microplastics. Primary
microplastics include preproduction resin pellets and
microbeads while secondary microplastics are formed
by degradation of large plastic debris in the environ-
ment. The Government of the Netherlands has banned
microbeads (primary microplastic), such as scrub, tooth-
paste soap, and bath and shower gel in 2015 due to their
appearance in wastewater. Current processes used by
Wastewater treatment plants are unable to filter out
microbeads, which can be causing pollution when treat-
ed water is released into the environment (Fela 2014).

4 Primary Microplastics

Primary microplastics are defined as manufacturer-
produced microplastic purposefully. Majority of the pri-
mary microplastics produced commercially often ends
up in aquatic or marine bodies as an emerging pollutant.
(Li et al. 2016). Even though the wastewater treatment
plants are capable to reduce 99% of microplastic of
effluent water, the microplastic still leak out into the
environment due to their massive amount in the waste-
water discharges (Li et al. 2016). A California wastewa-
ter treatment study found that one microfiber per liter
was discarded into the Pacific Ocean (Browne et al.
2011). The fibers are thought to be from laundry (Li

et al. 2016). The other type of primary microplastic is
scrubbers, which are used in many cosmetic products
(Li et al. 2016). Thus, there is no sufficient research on
the effectiveness and occurrence of microplastic re-
leased into the natural environment through wastewater,
but the adverse outcomes are emerging. It needs to
minimize the pollution source through reducing the
consumption and even establishing bans.

5 Microfibers

Despite some countries enacting legislation to limit or
eradicate microbeads, another significant source of
microplastic pollution takes the form of microfibers. A
study that surveyed 18 shorelines worldwide found that
78% of polyester fibers and 22% of acrylic fibers orig-
inated from domestic washing machine discharges
(Browne et al. 2011). The microfibers were found in
sediments, macroinvertebrates, and shorebirds from
wetlands along the Eastern Atlantic (Lourenco et al.
2017). The concentrations of microfiber were found to
be higher around highly pressured with anthropogenic
pressure (Lourenco et al. 2017). The pristine sites were
also found to have relatively high microfiber concentra-
tion (Lourenco et al. 2017). This indicated the spreading
ability in the ocean and caused wide area pollution.
Developing legislation to manage this source is chal-
lenging without knowing the microfiber load or degree
of environmental impact made by domestic wastewaters
compared with effluents from the textile industry.

6 Secondary Microplastics

The secondary microplastic pollution has been found in
terrestrial and aquatic environments. In the terrestrial
environment, agroecosystems were polluted by the
microplastic that was the breakdown of larger plastic
debris, such as plastic mulch films and greenhouse
materials and soil conditioners (e.g., polyurethane foam
and polystyrene flakes) (Duis and Coors 2016;
Koelmans et al. 2015; Rillig 2012). This may decrease
agricultural food quality and increase food safety con-
cerns. In aquatic environments, secondary microplastic
(fragmentation of large plastics into micro-sized debris)
is generated through physical, biological, and chemical
processes that decrease the structural integrity of the
polymer (Browne et al. 2007). As a newly emerging
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Table 2 Degradation pathways of common plastic polymers floating in the marine ecosystem

Backbone Plastic Pathway Mechanism Reference

C-C
backbone

PE UV radiation Abiotic oxidation of PE is the initial and rate
determination step. During the propagation
phase, autoxidation by complex radical
reactions and the formation of aliphatic
carboxylic acids, alcohols, aldehydes, and
ketones take place. A variety of degradation
products are produced including propane,
propene, ethane, ethene, butene, and hexene.

Vasile and Pascu 2005; Singh and Sharma
2008; Gewert et al. 2015

Biodegradation Microorganisms are able to attack PE at any
terminal methyl group. The abiotic
degradation product of PE (smaller polymer
fragments) can be further biodegraded into
esters and acids

PP UV radiation Random chain scission and cross-linking are
produced, but the radical reactions leading to
lower molecular weight fragments are pre-
dominant. The new functional groups are
formed, such as carbonyl and hydroperoxides

Chanda and Roy 2006; Gewert et al. 2015

Biodegradation The PP chain branching increases the resistance
to aerobic biodegradation due to the tertiary
carbon of PP susceptibility to microbial
degradation is reduced

PS UV radiation The phenyl rings of PS get excited and the
excitation energy is transferred to the closest
C-H bond, and it causes cleavage of the hy-
drogen and the formation of a polymer radi-
cal. Cross-linking and chain scission are the
consequence with the formation of ketones
and olefins due to end-chain scission if
predominant, styrene monomers are the main
volatile product of degradation process

Yousif and Haddad 2013; Singh and Sharma
2008; Mor and Sivan 2008; Jones et al.
1974; Gurman et al. 2018; Gewert et al.
2015

PVC UV radiation Dechlorination of PVC is the first step of the UV
radiation degradation process. The
conjugated double bonds in polyene polymer
and hydrochloric acid are formed, along with
some other products. The rate of
photo-induced dichlorination of PVC
(enhancement) is determined by the presence
of HCL, high temperature, humidity, me-
chanical stress, the presence of lower molec-
ular weight polymers, and other chemicals.
This degradation process is autocatalytic
which it can continue until there are only
traces of chlorine left in the compound

Nicholson 2006; Gewert et al. 2015

Heteroatoms
in the
backbone

PET Photodegradation It results in cleavage of the ester bond forming a
carboxylic acid end group and a vinyl end
group. The photo-induced autoxidation can
be activated by radical reactions

Venkatachalam 2012; Thomas and Visakh
2011; Gewert et al. 2015

Photo-oxidative
degradation

It leads to chain scission and formation of the
carboxylic acid end group which can prompt
effect on thermo-oxidative degradation.

Hydrolytic
degradation

It is a reverse reaction of one part of the
esterification of PET. The process occurs in
the low temperature. The carboxylic acid and
alcohol functional group are formed during
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contaminant, detailed eco-toxicological knowledge is
not available to evaluate their impacts on both the envi-
ronment and human health, making it challenging to
develop new legislation to manage plastic pollution
issues. The uncertainties include the fate of
microplastics, pollution sources, distribution, bioavail-
ability, and toxicity to humans and other organisms.
Additionally, knowledge gaps exist for both short- and
long-term effects. The short-term effects of plastic pol-
lution include direct impacts to the environment and
biota following their release, while long-term or second-
ary effects are anticipated to result from the additive
chemicals, such as the bioaccumulation of persistent
organic pollutants (POPs) (Li et al. 2016). While some
toxic substances like bisphenol A (BPA) have success-
fully been banned from use in food and beverage con-
tainers, additional case studies on plastic additives are
necessary to help reduce the associated environmental
and human health risks.

Risk assessments are an important tool for evaluating
the risks associated with plastic pollution. Assessments
should be wide in their scope, focusing on pollution,
degradation products, additive, and mixed toxic effects.

The results of assessment should conclude the compar-
ison of plastic substance to develop a practical tool as a
reference for the development of legislations and man-
agement plans.

7 Current Plastic Litter Legislation

Globally, the development of legislation has occurred
over the last three decades to manage the risks and
impacts of macroplastics and larger plastic debris. Plas-
tic wastes are managed mostly depending on their size:
micro-, medium-, or macroplastics. An early plastic-
related policy was implemented in Germany in 1991
with the aim to reduce plastic bag consumption.

Firstly, levies (a fee for using or dispensing) and bans
have been a successful strategy to control plastic pollu-
tion at regional levels. Reduction in the use of low-
density polyethylene (LDPE) bags is one of the key
achievements of this strategy. In 2002, Bangladesh im-
plemented a ban on LDPE bags, with a further 65
countries following their lead (Mourshed et al. 2017).
Recently, Kenya introduced a 38,000 USD fine and

Table 2 (continued)

Backbone Plastic Pathway Mechanism Reference

the process. The optimal conditions for
hydrolysis are under acidic or basic
conditions. The PET hydrolysis is an
autocatalytic reaction

PU Photooxidation The photo-induced oxidation occurs at the
α-methylene position. The radical reactions
results in hydroperoxides after photo--
initiation. This process is similar to PET
photo-oxidative degradation

Chanda and Roy 2006; Zheng et al. 2005;
Nakajima-Kambe et al. 1999; Skarja and
Woodhouse 2001; Gewert et al. 2015

Hydrolysis The hydrolysis of the ester, urea, and urethane
bonds can be degraded by the hydrolysis
process. An acidic environment favors the
process because of carboxylic acid end
groups being formed (autocatalytic process)

Biodegradation PU is susceptible to fungal degradation and
bacterial degradation (by polyurethanase
enzymes). The microbial degradation can be
categorized into the degradation of urethane
bonds and polyol segments. The enzymatic
degradation is a specific degradation
mechanism. The enzyme breaks the polymer
chain but not diffuse into the bulk of the
polymer material because of its size which is
determined by the surface structure

PE polyethylene, PP polypropylene, PS polystyrene, PVC poly(vinyl chloride), PET poly(ethylene terephthalate), PU polyurethane
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punishment of up to 4 years in prison for the use,
manufacture, and import of plastic bags (Rayne 2008).
InWales, it was the first country in the UK to implement
5 pence charges on single-use plastic bag (Poortinga
et al. 2013).

The South African government implemented legisla-
tion concerning the use of disposable polythene shop-
ping bags (Dikgang et al. 2012). This legislation placed
a total ban on plastics < 30 μm thick, with bags > 30 μm
attracting a levy in 2002. This strategy failed to reduce
the demand for plastic bags, which the authors attributed
to customers accepting to pay the low levy put in place,
and eventually the steady increase in demand for plastic
bags suggests that the plastic littering issue will persist
on the litter stream in South Africa (Dikgang et al.
2012). Conversely, there are many cases worldwide
demonstrating success in implementing bans
(Supplementary Table 1). The supermarkets in Switzer-
land, Germany, Sweden, Norway, Netherlands, and
Spain charge customers for the use of plastic bags
(Luis and Spinola 2010). In Portugal, a plastic bag tax
was implemented since 2015 and consequently reduced
74% of consumption (Martinho et al. 2017). The general
public approved the implementation of plastic bag tax,
and hypermarkets and supermarkets provided alterna-
tives of reusable plastic bags which brought the success
in managing plastic bag consumption (Martinho et al.
2017). This comparison indicates the success of
Germany’s plastic bag legislation to manage consumers’
behavior. Ireland introduced a levy in 2002 which re-
duced the consumption of plastic bags by more than
90%, resulting in a decrease in both littering and adverse
landscape effects (Convery et al. 2007). There were two
positive outcomes of the levy implementation, firstly,
improved consumer behavior, and secondly, the accep-
tance of the charges by stakeholders and consumers
allowing the levy to be implemented (Convery et al.
2007).

Apart from implementing levies, taxes, and bans,
another strategy used to manage plastic litter is volun-
tary campaigns, which have been successful in certain
places to reduce consumption of plastic carrier bags
(Supplementary Table 2). For instance, 37% of super-
markets in Portugal voluntarily abolished the distribu-
tion of free plastic bags. Meanwhile, alongside an ap-
plied levy of 0.02 euro from B2007 – 2009,^ these
methods demonstrated that a potential of 64% reduction
in use could be achieved (Luis and Spinola 2010). This
voluntary levy changed customers’ shopping behaviors,

as 52% of clients that pay for plastic bags use them until
they are almost full; however, only 17% of clients do the
same when the plastic bags are given for free (Luis and
Spinola 2010). Australian retailers adopted a voluntary
approach to reduce plastic bags in October 2003
(Australian Retailers Associations 2004). A Code of
Practice for the Management of Plastic Bags was agreed
between the Australian Retailers Association (ARA)
and the Environment Protection and Heritage Council
(EPHC) (Australian Retailers Associations 2004). The
Code required supermarkets and non-supermarkets to
participate, by setting out targets that aim to reduce and
recycle plastic bags by the end of 2005 (Australian
Retailers Associations 2005). The ARA Code of Prac-
tice final report indicated that the supermarkets partici-
pating in the initiative achieved a 26.9% reduction;
moreover, a reduction was shown in participating non-
supermarkets too (Australian Retailers Associations
2004; Australian Retailers Associations 2005). Retailers
in Germany, Portugal, Hungary, and the Netherlands
charge fees on single-use plastic carrier bags (Ayalon
et al. 2009; European Commission 2013). In the UK, the
town of Modbury implemented an initiative to ban
plastic bags. Other towns have followed with a similar
initiative which resulted in a 48% reduction of plastic
bag consumption in 2009 (Ayalon et al. 2009). Smaller
businesses can voluntarily charge levy which encour-
ages customers to use reusable carrier bags to reduce the
consumption of single-use carrier bags (Xanthos and
Walker 2017).

One way to reduce plastic pollution is to decrease the
consumption of plastics. Recycling of the plastic mate-
rials is another avenue. Recycling plastic materials back
to the market could utilize the plastic resources and
prolong their lifespans. The plastic wastes could be
converted into recovered plastic materials for
manufacturing new products. (Hopewell et al. 2009).
Plastic waste is classified as organic material which can
be expanded to generate energy, where the calorific
value of the waste is optimized by combustion
(Hopewell et al. 2009). Life cycle assessment (LCA)
indicates that replacing new virgin polymer by recycled
plastic polymer can reduce oil consumption and emis-
sions of greenhouses gasses directly (Hopewell et al.
2009).

European countries have implemented an effective
plastic waste management (Jambeck et al. 2015)
(Fig. 2). The European Association of Plastics
Recycling and Recovery Organizations (EPRO) stated
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that 40% of plastic products on the market are items
used for packaging, forming 62% of the overall plastic
waste mass and 81% of recycled plastics (Waste +Water
Management Australia 2015). The plastic recycling
schemes in Europe successfully increased the recycling
rate from 34.7 to 39.5% within a 2-year period (2012–
2014) (Waste + Water Management Australia 2015).
This successful recycling was evident as every member
country met the national targets through the implement-
ed law or covenant (Waste + Water Management Aus-
tralia 2015). In Australia during 2009 and 2010, the
major sources of plastic waste were mainly packaging
(37%), building (26%), furniture, houseware, leisure,
and clothing (10%) (Brulliard et al. 2012). Among these
plastic wastes, the major plastic types are polyethylene
terephthalate (PET), high-density polyethylene
(HDPE), low-density polyethylene, and polypropylene
(PP) (Brulliard et al. 2012). Polystyrene was recycled at
a significant recovery rate, but was produced in lesser
quantities (Brulliard et al. 2012). From 2008 to 2009,

nearly 1.8 million tonnes of plastic waste was generated
and only about 287,600 t of plastic waste was recycled
(a 16% recycling rate) (Brulliard et al. 2012). PET,
HDPE, LDPE, and PP contributed more than 85% of
reprocessed plastic wastes in Australia (Brulliard et al.
2012).

The reprocessing of plastic waste reduces the amount
of plastic waste being sent to landfill, and is determined
by its chemical properties (Kutz 2011). Plastic products
are constituted of different types of blended plastic,
making the reprocessing of plastics a complex process
(Kutz 2011). The recycled plastic wastes can be
reprocessed into high-quality Bfood grade^ plastics as
well as structural and hard plastics (Kutz 2011). In 2008,
it was estimated that approximately 40% of plastic waste
was exported for reprocessing from Victoria and 23%
from South Australia (Sustainability Victoria 2010;
Brulliard et al. 2012). The exported plastic market for
reprocessing is mainly China (Brulliard et al. 2012). It
has been growing since 2008, with Chinese buyers

Fig. 2 Global distribution of produced and mismanaged plastic waste (modified from Pravettoni 2018)
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decreasing their plastic waste quality requirement
(Brulliard et al. 2012).

Moreover, energy recovery is another way to utilize
plastic waste, by transforming it into energy (Waste +
Water Management Australia 2015), and thereby reduc-
ing the volume of plastic litter going to landfill
(Hopewell et al. 2009). The conversion may bring neg-
ative impacts to the environment, such as emission of air
pollutants including CO2, NOx, and SOx, generation of
VOCs, smoke, heavy metals, etc. (Zhou et al. 2015).
Contrarily, there are some advantages brought by the
energy recovery. Pyrolysis of plastic waste is the process
of converting plastic into liquid fuel (Sharuddin et al.
2017). The obtained liquid fuel has high calorific value
around 40 MJ/Kg and with the existence of a catalyst,
the impurities and water content in the plastic waste
could be eliminated (Sharuddin et al. 2017). Australian
plastic waste data showed nearly 80% of plastic pack-
aging waste was recovered for transformation into en-
ergy in 2014 (Waste + Water Management Australia
2015). European countries recovered more than 50%
of their plastic waste into energy in 2014, and combined
simultaneously with the regular recycling rate, more
than 90% pf plastic waste was recovered (Waste +Water
Management Australia 2015). This indicates less than
10% of plastic wastes ended up in landfill which grad-
ually reduced the environmental impacts of plastic
waste. Although energy recovery from plastic waste
cannot reduce global fossil fuel demand (Hopewell
et al. 2009), the utilization of plastic materials through
energy recovery can prolong plastic material lifespan or
even convert it into energy in the form of different
products. It also provides environmental sustainability
measures, by reducing the environmental impacts
brought by plastic wastes to landfill and burning fossil
fuels.

8 Current Microplastic Legislation

Microplastics pose a threat to the marine environment
and potentially to human health (Browne et al. 2007;
Browne et al. 2011; Van Cauwenberghe and Janssen
2014). Research shows that marine organisms cannot
distinguish between food and plastic particles; therefore,
the uptake of microplastics via filtration and ingestion
can result in impacts on the food chain (Cole et al. 2011;
Wright et al. 2013, b). For example, the commercially
important blue mussel (Mytilus edulis) was shown to be

contaminated with microplastics, which has implica-
tions for human health via dietary exposure (von Moos
et al. 2012; Van Cauwenberghe and Janssen 2014). The
United Nations Environment Program stated that the
amount of microbeads in a typical exfoliating gel could
be equal to the amount of plastic materials used to
produce the packaging, at 137,000–2,800,000
microbeads per bottle (Napper et al. 2015; Beat the
Microbead 2018).

In Australia, industry and government have begun to
take action to reduce the impacts of microbeads on the
marine environment (NSW EPA 2016). Microbeads
were found present in over 100 personal care products
on the market (NSW EPA 2016). The presence of
microbeads in cosmetic products has prompted the en-
actment of legislation to reduce the production and
consumption of plastic materials, thereby reducing any
adverse impacts to the environment and potential human
health risks. Recently, the US Federal Government
brought in the Microbead-Free Water Act 2015, which
aims to prohibit the manufacture and sale of microbeads
in cosmetic products from July, 2018. The Canadian
parliament passed legislation to prohibit the manufac-
ture of microbeads in June, 2017. The Australian
Microplastics Working Group was established to seek
voluntary agreement from industry to phase out
microbeads in personal care, cosmetic, and cleaning
products (Council of the European Union 2014;
Legislative Assembly of Ontario 2015; NSW EPA
2016).

Comprehensive legislation to limit the inclusion of
microplastics in cosmetics are operational in the USA,
Canada, and the UK (Xanthos and Walker 2017)
(Supplementary Table 3). Examples from different na-
tions demonstrate both success and failures, which can
be used to implement future policies more effectively.
As the microplastics legislation has only recently been
employed, there is a lack of environmental data or
relevant quantitative information to state the outcomes.
However, some qualitative data such as public and
political actions have been undertaken to stop using
microbead-related cosmetic products. On the other
hand, some NGOs, such as Greenpeace, the World
Wildlife Fund, and World Conservation Union have
been playing influential actors within public community
governance, particularly in marine litters within their
oceans activities (Vince and Hardesty 2016). The other
NGO parties acted more on issue-specific strategy, such
as an organization called Beat the Microbead was
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developed and reported which products may contain
microbeads and is accessible through their website or
phone application (Vince and Hardesty 2016). Different
NGO organizations targeted different groups, set differ-
ent aims, and implement different strategies in order to
tackle various aspects of marine litter issues (Vince and
Hardesty 2016). There was positive impact brought by
the NGOs and resulted in significant change to govern-
ment regulations and policies, such as microbead bans
have been implemented in many countries (Vince and
Hardesty 2016).

Microfibers are another form of microplastics
which could be a major pollution source emitted from
plastic and textile factories or laundry wastewater
from domestic origins (De Falco et al. 2018).
Microfibers emerge from wastewater contaminated
by synthetic fibers from washing clothes (De Falco
et al. 2018). The number of microfibers released from
5-kg loads of synthetic fiber clothing could reach over
6 million microfibers, depending on the type of de-
tergent used (De Falco et al. 2018). The powder type
detergent contains inorganic compounds insoluble in
water, such as zeolite, that potentially increase fric-
tion with fibers, and hence increase the amount of
microfibers released into wastewater (De Falco et al.
2018) Moreover, the pH property of the detergent is
related to the amount of microfibers released, as
alkaline-based detergents can induce chemical dam-
age on polyester fabrics through slow surface hydro-
lysis (Bishop 1995; De Falco et al. 2018). A study by
De Falco et al. (2018) found that among woven poly-
ester, knitted polyester, and woven polypropylene, the
highest amount of microfibers leached out are woven
polyester due to its fabric characteristics. The length
of the fibers that compose the yarn is critical in deter-
mining the amount of microfibers released during the
washing process (De Falco et al. 2018). The usage of
softener could reduce 35% of microfiber release dur-
ing laundering processes, due to its ability to decrease
the friction between fibers (De Falco et al. 2018).
From this research, policy could be established based
on the microfiber generation mechanisms and the
fibric types and detergents involved, such as encour-
aging the usage of longer length of fibric yarn, and use
of liquid detergent rather than powder form. A tax
could apply for fibric materials with shorter lengths of
yarns, and for detergents which generate the release of
more microfibers. These measured could effectively
reduce the origins of pollution.

9 Mechanisms for Implementing Legislation
on Plastics

It is necessary to implement legislation which limits or
bans certain types of plastics from both producer and
consumer use. There is no specific strategy for interna-
tional plastic legislation and plastic waste management.
Generally, there are two current plastic management
approaches which aim to reuse plastic materials and
reduce sending plastic waste to landfill. These two ap-
proaches work independently without any interactions
with each other. Here, we propose a closed-loop, con-
ventional approach in managing plastic materials. It
combines three isolated current plastic management
strategies into a conventionally/circular connected strat-
egy (Fig. 3.). This approach requires cooperation at all
levels of society, from governments and plastic manu-
facturers, to industry consumers and individual con-
sumers, waste management organizations, and re-
searchers (Worm et al. 2017). This national cooperation
must first be exhibited as an integration of efforts at the
national level, before extending to a global scale. In
order to achieve better cooperation at the global level,
an institutional setting needs to be devised with a mul-
tilateral agency or initiative, to integrate national efforts
and promote the global policy agenda. This could be the
United Nations Clean Seas Campaign (United Nations
(UN) News Centre 2017) that has strongly advocated
for the implementation of plastic reduction policies,
encouraged industry to minimize plastic packaging and
redesign products, and urged consumers to change be-
haviors with regard to disposable plastic products. For
example, the campaign suggested a ban on microbeads
and single-use carrier bags. (United Nations (UN) News
Centre 2017).

When plastic waste is generated by producers and
consumers, it should be recycled or transformed in a
way which would minimize any adverse environmental
impacts. If the plastic waste ends up in landfill or the
ocean, then environmental risk/impact assessments need
to be implemented to evaluate the environmental im-
pacts and potential human health risks. These risk as-
sessments will be used to evaluate current plastic legis-
lation, and to develop new plastic legislation concerning
single-use cutlery, plastic resin pellets, and microplastics
(Fig. 3 and Table 3).

This generalized conventional plastic waste manage-
ment model includes recycling and the production of
clean energy from plastic waste. It aims to recycle
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Fig. 3 Schematic diagram
summarized current plastic
management into a proposed
conventional plastic legislation
strategy

Table 3 Description of conventional plastic legislation strategy

Box Description

Producer Plastic product producers supply plastic to the consumer side

Produced under legislation Follow the guidelines while producing plastics. Choose less toxic
substances in the plastic production

Declaration of ingredients Describe the plastic material types, additives, and other ingredients used

Consumers Show responsibility to the environment by joining plastic campaigns and actions.
Increased social awareness of plastic pollution issues. A variety of consumer types,
from individuals, retailers, and industry

Waste generation Reduce the plastic generation via reducing the consumption of single-use plastic items

Waste capture Sorting of plastic waste for recycling and energy recovery, only allow the leftover
to enter landfill. Improve technology and mechanical interventions to prevent plastic
litter from entering the marine and freshwater systems (Worm et al. 2017).
Promote cleanup programs for residents and industries (Worm et al. 2017)

Landfill/ocean Reduction of plastic input to landfill and the ocean or any rivers

Risk assessment Conduct risk assessments on the impacted area and evaluate the present legislation.
Modify current global legislation into most up-to-date plastic management strategy

Waste management Recycle plastic materials back to the economy and energy recovery for energy production

Recycle Used plastic products can be recycled back to plastic pellets for producing
new plastic products

Energy recovery Produce energy alternative sources rather relying on fossil fuels heavily

Legislation Management of plastic materials, ensure plastic poses no harm to the
environment and human health
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plastic and extend their lifespan by converting them into
other plastic products that return to the market. Two
alternative recycling methods exist: physical recycling
and feedstock recycling (Brems et al. 2012). Physical
recycling reprocesses plastic waste into new products,
generally of lesser quality, whereas feedstock recycling
transforms plastic waste into their constituent mono-
mers, or a hydrocarbon feedstock and crude oil (Brems
et al. 2012). Energy recovery aims to be eco-friendly by
turning plastic into energy resources which provide
alternative options to fossil fuels. Plastic-containing
waste could be transferred into clean energy production
via the process of dehalogenation, followed by thermo-
chemical conversion (Shen et al. 2016). The suggested
conventional plastic waste management could gradually
decrease the environmental impacts, while increasing
the efficiency of plastic consumption by turning them
into clean energy. Hence, conventional plastic legisla-
tion should be responsible for setting targets on increas-
ing overall recovery percentage through recycling and
energy recovery.

The EU Plastic Strategy (EuPC) suggested a new,
conventional and circular business model (Messenger
2017). The model compiled four key measures to utilize
and prolong the lifespan of plastic products, from pro-
duction to end of life (Messenger 2017). The four key
measures include the improvement of the economics
and quality of recycled plastics, the reduction of plastic
waste volumes, the increase in innovation and invest-
ment in plastic materials, and the promotion of initia-
tives on plastics at the global level (Anon 2018). The
EuPC’s model aims to ensure that all of the plastic
packaging will be either reusable or recyclable on the
market in a cost-effective manner by 2030 (Anon 2018).
The intended outcome is to provide a prosperous, sus-
tainable, and circular plastics economy within European
countries (Anon 2018).

10 Challenges and Future Directions for Plastic
Policies

The existing legislation and initiatives on plastics
discussed in the above sections illustrate how manage-
ment of plastic wastes still need to be improved and
extended to cover the different types of plastic products.
Similar strategies have been used by different countries
to handle different varieties of plastics. For
macroplastics and microplastics (including the

microbead), waste management has reduced the amount
of plastic waste generated, due to the implementation of
plastic legislation (Beat the Microbead 2018; European
Commission 2013). Voluntary commitments and their
success in achieving the targets are limited by external
factors. Similarly, the success of recycling will depend
on how profitable it is. Legislation can be a driving
factor that influences voluntary commitments and en-
ables better outcomes in recycling. Despite progress
made in terms of legislation and voluntary initiatives
on plastics, there are still challenges in the implementa-
tion of legislation. The future directions for the effective
management of plastics require focusing on three as-
pects: that is the producer, the consumer, and the
government.

Producers need to take responsibility for the adverse
impacts of plastic products to the environment and
human health. They have to ensure the plastic products
comply with safety standards, such as the AS/NZS 2070
Australian Standard for food-grade plastic products.
This could include the reduction of harmful substances
and waste, the prevention of plastic pellet loss, the reuse
and recycling of plastic products, and transparency
about ingredients and production processes (GESAMP
2015). A report published in cooperation with Polymer
Comply Europe Sarl assessed the current and future
usage of recycled plastic materials (rPM) in the Europe-
an plastic conversion organizations (Messenger 2017).
It concluded that nearly 60% of the European plastic
converting companies claimed that it was a challenge
for them to get supply of rPM in an acceptable quality
(Messenger 2017). Only 27% of customers of European
plastic converting companies were aware of the benefits
and needs to choose rPM, which indicated rPM did not
get enough support from the customers (Messenger
2017). About 60% of European plastic converting com-
panies stated that the current EU regulations were not
suitable to support rPM in the future. This implies that
the regulatory framework needs to be adapted to ade-
quately support the use of rPM (Messenger 2017). Fur-
thermore, the plastic processors require large quantities
of recycled plastics and strict specification in
manufacturing plastic products (Nkwachukwu et al.
2013); consequently, their production budgets may be
more expensive than plastic products produced by vir-
gin plastic. Price may be an important factor for a plastic
company to choose between virgin plastic and recycled
plastic materials for the manufacturing of their products.
Moreover, not all of the plastic can be recycled; there are
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four types of plastics commonly recycled which includ-
ed low-density and high-density polyethylene (LDPE
and HDPE), plypropylene, polystyrene, and polyvinyl
chloride (Nkwachukwu et al. 2013). There is another
challenge in the recycling of plastic, which is the level of
purity of the plastic (Nkwachukwu et al. 2013). Plastics
are manufactured by more than one type of polymer or
may be infused with an additive to increase the strength.
This means it could be complicated to extract desired
plastic materials (Nkwachukwu et al. 2013). Moreover,
the development of sustainable alternative plastic mate-
rials such as biodegradable plastic (BDP) and bioplastic
(BP) products which could be less harmful and less
persistent in the environment could minimize the current
issues of using common plastic materials. The BDP is
constituted of polyhydroxyalkanoate (PHA) which is
similar to conventional plastics (petroleum-based
plastic) in all properties with additional advantages,
such as being able to naturally decompose and break
into natural and safe byproducts (Koushal et al. 2014;
Song et al. 2009). The BDP could decompose through
biological process and reduce the total quantities of
plastic waste to landfill (Song et al. 2009). Additionally,
the composts of BDP can contribute to improve soil
quality functions and provide additional ecological ser-
vices (Song et al. 2009).

Further development on recycling of the BDP and BP
could benefit the management of fossil-based conven-
tion plastics. BP is made from polymers derived from
sugar cane, potato starch, cellulose from trees, straw and
cotton, and other biological resources but not crude oil
(Koushal et al. 2014). BP degrades in the air and indus-
trial composting plant aided by bacteria, fungi, and
enzymes (Koushal et al. 2014). The development of
policy to encourage the use of bioplastics as an alterna-
tive to conventional plastic is recommended in order to
minimize the environmental impacts and health risks of
plastic use. If widely accepted, it could gradually reduce
the present environmental impacts and human health
risks by decomposing along with food and other non-
recyclable materials in the natural environment in a less
toxic way (Siotto et al. 2011).

The consumer sector contains a wide array of parties,
such as the general public, fishing industries, and com-
mercial salespeople, etc. (Worm et al. 2017). Although
there are different types of consumers and their con-
sumption vary, they all need to follow, reduce, recycle,
and reuse (3Rs). This strategy aims to reduce plastic
generation and inputs into landfill or marine

environment (GESAMP 2015; Worm et al. 2017). For
instance, choosing replacements for alternative products
which are reusable rather than single-use plastic could
gradually reduce the amount of waste generated. Con-
sumers play a major role in the generation of plastic
waste. Responsible waste handling is the social aware-
ness and behavior to accomplish an effective recycling
scheme. The willingness to participate in plastic pollu-
tion, cleanups, and boycotts against emerging plastic
issues (such as microbead-containing cosmetic prod-
ucts) could substantially increase the efficiency of plas-
tic waste management (Thevenon et al. 2014; Worm
et al. 2017).

Governments should reclassify plastic materials
into different classes. This reclassification needs to
be based on the evidence of impacts of plastics on the
environment and human health, and could be used to
establish a new international convention to trace and
manage problematic plastic pollution (Worm et al.
2017). The plastic materials should also be classified
as priority hazardous substances like other priority
pollutants, as defined under the US Clean Water Act
(Rochman et al. 2013; Worm et al. 2017). These
priority pollutants are used in establishing water
quality standards and effluent limitations, particular-
ly for wastewater. Consistent analyzing protocols and
discharge limits should be determined (Worm et al.
2017). Ongoing monitoring and reporting is neces-
sary to measure the environmental outcomes follow-
ing the lag time between announcing legislation and
the implementation date. This could be used to pro-
ject the future plastic waste generation rate and revise
the legislative strategy in order to increase feasibility
of plastic material management. Furthermore, inter-
national monitoring efforts to gather and synthesize
data would improve management practices by pro-
viding a solid foundation for introducing legislation
surrounding plastic waste. A declaration of ingredi-
ents in plastics, including any additives they contain,
could warn consumers about potential adverse im-
pacts to their health and the environment (Worm et al.
2017). Legislation should form part of a compulsory
policy framework on a national scale. It can also
provide information for researchers to study their
eco-toxicity effects on the environment, and more
importantly, the human health risks carried by the
products. In addition, this could improve waste man-
agement practices and avoid buildup of plastic waste
in the environment.
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