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Abstract

Plastics waste management is crucial in developing countries such as Sri Lanka. The mass of plastics waste
has been increasing yearly due to the rise in plastics demand. Mismanagement of plastics waste is an alarming
issue that creates critical environmental and health problems. Although plastics waste management methods,
including recycling, pyrolysis and incineration, are available, sorting plastics waste is a challenging part of
the process. This literature review mainly focuses on the available plastics waste separation techniques and
the conceptual model for plastics waste management in developing countries. The results of the literature
review show that plastics waste sorting techniques can be categorized as manual, dry, wet, and combined
separation techniques. The conceptual model suggests inventing plastics waste parks in Pradeshiya Sabha
areas and carrying out the separation of plastics from other waste and the separation of plastics according
to the plastics type. Normally, manual and combined separation techniques can be used for this separation
process. In addition, public awareness and legal framework are very important to build up a sustainable waste
management system in a country. The proposed conceptual model can be applied to smaller administrative
boundaries of the country with suitable separation techniques. To reduce usage of plastics, efforts must be
made by citizens to study the usage of renewable raw materials to create innovative goods using current
technological advancements. Additionally, daily usage of plastics should be minimised, which aids in the
improvement of healthy environmental conditions.
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Introduction

Plastics have become indispensable and
versatile materials in various sectors, such
as healthcare, packaging, electronics,
automotive, building and construction,
due to their remarkable properties that
enhance human lifestyles (Sharuddin et al.,
2018). As the world population continues to
grow, the demand for plastics has increased
accordingly. Unfortunately, this has also led
to arise in plastics waste accumulation in the
environment, mainly due to the disposal of
single-use plastics. Consequently, plastics
have also become a significant component of
Municipal Solid Waste (MSW).

The per capita consumption rate of plastics
is high in developed countries compared to
developing countries. Figure 1 shows the per
capita consumption of plastics in selected
developed and developing countries (Masud
etal., 2019; Hossain et al., 2020).

The plastics waste generation rate
mainly depends on the socio-economic
and geographical features of different
countries. According to Figure 1, plastics
waste generating rate is higher in developed

countries than in developing countries.

However, plastics waste management is at
a very low level in developing countries due
to the dearth of infrastructure, technology,
and methodology for managing plastics waste
appropriately.

Significance of the study

As a developing country, Sri Lanka is
struggling with municipal waste collection
and management mainly in urban areas. This
situation has become a critical level during
covid pandemic outbreak times. According
to the literature, 7000 metric tons of solid

waste are generated per day in Sri Lanka.

Nearly 60% of solid waste from this amount is
generated from the Western Province due to

the high population density (Fernando, 2019).

According to the Environmental Foundation
Limited (EFL) in Sri Lanka, one person
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generates an average of 0.4-1.0 kg of waste
per day, and only half of them is collected by
the municipal councils for different waste
management practices.

Objectives

The primary objective of the review is to
comprehensive data collection on plastics
waste composition, environmental pollution
of plastics wastes, bioplastics as an alternative
for the plastics, current status of plastics waste
management of Sri Lanka and the world, gap
identification in plastics waste management,
strategies of plastics waste management,
with more emphasis on plastics waste
separation techniques, and finally to develop a
conceptual plastics waste management model
for developing countries.

The comprehensive review provides
information on 68 related latest published
reviewed articles and localised reports
addressing the persistent issue of plastics
waste in Sri Lanka. It aims to explain the
current situation surrounding this problem
while searching into potential methodologies
for the effective separation of plastics waste
within local administrative systems. In
addition, this review information was used
to suggest a conceptual model with plastics
waste management with plastics waste
separation techniques, specifically fitted for
implementation in developing countries.

Review of Past Literature
Plastics waste composition

According to the data from Sri Lanka
customs, Sri Lanka annually imports 500,000
metric tons of primary forms, finished
and intermediate products for the plastics
industry. A considerable amount of plastics raw
materials and finished products are released
as post-consumer plastics waste to the
environment. It has been reported that, in Sri
Lanka, one million sachet packets including
jam, sauce and shampoo, are disposed of in
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Figure 1. Plastics waste generation rate in developed and developing countries (Masud et al., 2019; Hossain

etal., 2020.

open dumps every month. Furthermore, 20
million yogurt cups, 15 million lunch sheets,
and 20 million grocery bags are dumped daily
according to the survey results conducted by
the Central Environmental Authority (CEA)
in 2013 (Shantha, 2019; Karunarathna et al.,
2020). According to the data from CEA in
2014, polyethylene and plastics have taken
place 6% of the amount from the total waste
in the solid waste composition as shown
in Figure 2. The United Nations Centre for
regional development report in 2019 shows
that the plastics waste proportion of the solid
waste is 10% in Sri Lanka (Samarasinghe
et al.,, 2021). A case study of plastics waste
sorting methods which was conducted in
2020 by the Department of Zoology and
Environmental Management at the University
of Kelaniya has analysed the waste disposal
practices in Colombo and Kandy municipalities
which are the areas of the highest population
density in Sri Lanka. It has been reported
that the most abundant waste plastics types
in both areas are low-density polyethylene
(LDPE), polyethylene terephthalate (PET), and

polystyrene (PS) plastics.

Other
17%
Paper
7%

Wooden

Biodegradable
6%

62%

Polyethylene and Plastics
6%
Glass
2%

Figure 2. Waste composition in Sri Lanka. Source:
Central Environmental Authority (2014).

In addition, a clear difference in the
composition of urban and rural plastics waste
can be identified by considering the number
of different types of plastics waste. In 2016,
a national survey conducted by the Japan
International Cooperation Agency (JICA)
showed that the amount of plastics waste from
the total solid waste was 10% and 5% of urban
and rural municipal solid waste, respectively,
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as shown in Figure 3 (Karunarathna et al,,
2020). The percentage of soft plastics amount
is higher than that of the hard plastics amount
in both urban and rural solid waste streams
(Karunarathna et al., 2020; Alahakoon and
Karunarathna, 2020). The high amount of
soft plastics waste commonly contains single
used post-consumer packaging waste such as
polyethylene bags, shopping bags, and lunch
sheets.

Besides that, a case study conducted
in Kandy Municipal Council (KMC), seven
local authorities in Western Province, and
AKKkaraipattu Municipal Council (AMC),
indicates that the total post-consumer plastics
waste generated is estimated as 12.0, 54.4,
and 4.8 tons per day, respectively (Alahakoon
and Karunarathna, 2020) It is reported that
the recycling of this plastics waste is carried
out only in KMC and Western Province. The
majority of plastics waste is discarded into
open dumps. The estimated plastics waste
per day in open dump areas in KMC, Western
Province, and AMC is 7.23, 43.13 and 1.35 tons,
respectively.

Environmental pollution of plastics waste

Mismanagement of plastics waste adversely
affects the terrestrial environment. In Sri
Lanka, the most common waste disposing
methods are open dumping on empty land,
compost generating, and burning plastics and
polythene in the open fire (Maheshi et al.,
2015; Arachchige et al., 2019). It contains both
biodegradable waste and non-biodegradable
waste in open dumpsites as the waste
separation is still not improved in the country.
Continuous discarding of solid waste into
the open areas aids in generating enormous
garbage mountains in several districts in the
country. Plastics waste has become ubiquitous
in disposal sites and the surroundings due
to their non-biodegradable nature and
persistence in the natural environment.
Therefore, plastics waste is a major burden in
environmental pollution.
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Dumping of plastics waste or landfilling
of plastics waste with other solid waste
can lead to toxic chemicals being released
into the environment which raise harmful
effects on the natural environment and
public health. Plastics materials contain toxic
chemicals such as phthalates, poly-fluorinated
chemicals, bisphenol A (BPA), brominated
flame retardants and heavy metals (eg: Pb,
Sb, Cr, Co, Hg, Zn, Ni, Cu), and release or
migrate into the soil after discarding in open
dumpsites and landfills (Maheshi et al., 2015;
Okunola et al., 2019; Rafey and Siddiqui, 2023).
These hazardous chemicals percolate through
the soil into the water table and accelerate
ground and surface water pollution. Moreover,
these hazardous chemicals lead to infertility in
lands and cause less agricultural productivity
(Maheshi et al., 2015). In addition, open
dumpsites are a negative aesthetic factor in
cities creating an unpleasant environment
in adjacent areas. Also, wild animals near
open dump areas happen to eat plastics waste
by mistake with remaining food waste, and
their lives ending in fatalities (Conlon, 2021).
Further, blockage in sewage systems in urban
areas causes huge problems including sudden
flooding even with light precipitation due to
inappropriate plastics waste disposal. These
plastics waste materials provide facilities for
the breeding of mosquitos after precipitation
and spread diseases such as Dengue (Ayomoh
et al., 2008; Conlon, 2021). On the other
hand, the open burning of plastics waste
emits hazardous pollutants, such as heavy
metals (eg: Hg, Cu, Cr, Co, Pb), dioxins,
polychlorinated biphenyls (PCBs) and furans,
causing damage to the respiratory system in
both humans and animals (Verma et al., 2016;
Okunola et al., 2019; Alam et al., 2019).

Plastics waste in open dumps close to
wetlands, marshes, beaches and coastal areas,
and direct removal to rivers and waterways
harm marine organisms and habitats of
marine animals. Sri Lanka has been ranked
the fifth among 20 countries for releasing
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Figure 3. Composition of municipal solid waste in (a) urban and (b) rural areas of Sri Lanka (Karunarathna

etal., 2020;JICA, 2016).

plastics waste into the ocean (Jambeck et al.,
2015). It has been estimated that the weight
of plastics waste in the ocean would increase
more than the weight of live fish in the ocean
by 2050 (Geyer et al., 2017). Reports have
revealed that more than 260 species of marine
organisms suffered from plastics debris in
the ocean by getting entangled in abandoned
or discarded fishing equipment (Okunola
et al., 2019). Many plastics waste materials
do not decompose in the ocean due to the
lack of degradation conditions, such as the
absence of UV light, low temperature, lack
of oxygen, and absence of microorganisms
(Streit-Bianchi et al., 2020). Despite the
degradation, plastics waste materials follow
through the fragmentation process and
produce microplastics (< 5 mm) (Gallo et al.,
2018; Streit-Bianchi etal., 2020). Microplastics
debris can contain additives that would be
included in the animal and human tissues
through the food chain resulting in toxicity
to organisms including carcinogenesis and
endocrine disruptions in humans (Talsness
et al., 2009; Cole et al., 2011; Jambeck et al.,
2015).

Current status of plastics waste

management in Sri Lanka

The Sri Lankan government has attempted to
build up a sustainable management system
for the past two decades. Some policies and
programmes such as the ‘Pilisaru programme’
which was initiated by CEA in 2008 to gain
“Waste-free Lanka in 2018” although it
has not been achieved (Okunola et al., 2019;
Basnayake et al., 2020). The local government
is the lowest political structure in Sri Lanka
which has three organizational units as local
government bodies including the Municipal
Council, the Urban Council, and Pradesheya
Sabha responsible for the sustainable waste
management system in the country.

Currently, in Sri Lanka, local authorities
handle several disposal sites, and the main
solid waste disposal methods are open
dumping and landfilling (Arachchige et al.,
2019). Industrial waste is identified as
hazardous waste and the Holcim Geo-cycle
Company has the legal permission to conduct
the treatments on hazardous waste. In
addition, the medical waste generated from
hospitals is treated using incinerator facilities
with the partnership of private companies
(JICA, 2016). Although some programmes on
waste to energy have been established since
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2008, the Kerawalpitiya incineration plant
remains the sole operational facility to date.

There is no proper waste segregation
method when considering the plastics
waste management system in Sri Lanka. At
present, about 86% of the waste is dumped
in the open and about 6% of it is converted
into compost and about 4% is recycled
(MoE, 2021). Plastics waste is also placed
in open dump areas such as Kolonnawa,
Bluemendhal, Kerawalpitiya wetlands and
the coastline, with the other municipal solid
waste. Some waste collectors and recycling
companies are collecting segregated plastics
waste by using the door-to-door collection
method. About 300 waste collectors have
been registered in CEA for collecting waste
plastics including high-density polyethylene
(HDPE), low-density polyethylene
(LDPE), linear low-density polyethylene
(LLDPE), polyethylene terephthalate (PET),
polypropylene (PP), polycarbonate (PC), high
impact polystyrene (HIPS), acrylonitrile
butadiene styrene (ABS) and polyvinylchloride
(PVC). Most of these waste plastics are crushed
and exported or sold as it is to recycling
companies. Some of these waste plastics
including ABS, PC and PVC are used to produce
shoe soles, Vesak lanterns, trays for plant
nurseries, etc. The waste PVC and PP are used
to produce pipes for agricultural purposes
and flowerpots for plant nurseries. However,
this plastics waste collection routine is not
sufficient to reduce the plastics waste problem
in the country.

Established policies for plastics waste
reduction in Sri Lanka

In 2006, a gazette notification was published
on the prohibition of the manufacture of
polyethylene or any polyethylene product of
20 pm microns or below in thickness to be
used in Sri Lanka, and prohibition of the sale
or use of these specific products (Shantha,
2019). In 2017, a gazette notification was
published to prohibit the manufacture of food
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containers, plates, cups and spoons from
expanded polystyrene. In addition, it also
prohibited the sale, offer for sale, offer free of
charge, exhibition, or use of food containers,
plates, cups and spoons that are manufactured
from expanded polystyrene within the country
(Shantha, 2019). Another gazette notification
was published in 2017 to prohibit open burning
or cause to allow or permit the open burning of
refuse or other combustible matters inclusive
of plastics (Shantha, 2019).

The recently established policies were the
prohibition of the manufacture of PET and PVC
material for packaging agrochemical process,
the prohibition of the manufacture sachets
having less than or equal to a net volume of
20 mL, the prohibition of the manufacture of
inflatable toys and cotton buds with the plastics
stem (Shantha, 2019).

Existing plastics waste management
methods - worldwide

Recycling plastics waste is the most common
practice in many developing countries. In
most countries, solid waste management
rules are applicable to plastics waste as well.
This includes the regulation of different
types of plastics waste, such as single-use
plastics bags, microbeads and packaging
material. On the other hand, proper municipal
solid waste disposal mechanisms have been
implemented in developed countries, and
hence, plastics are collected for recycling,
landfilling, or incineration (Huysman et al.,
2017; Bryant et al., 2018; Brouwer et al., 2018).
In developing countries, as proper municipal
solid waste management scheme has not
been implemented, plastics are collected
by informal garbage collectors and ended
up in open dumps (Dijkstra et al., 2020).
According to the results of the life cycle
impact assessment in different treatments
of waste plastics, it has been reported that
mechanical recycling show a lower impact
on environmental pollution than those
of landfilling, incineration, and energy



conversion methods (Chen et al., 2020).
Nowadays, the concept of the valorization of
waste has been more emphasised than the
traditional waste management methods. This
is known as the circular economy which is
supported by scientific inventions in recycling
and reprocessing of plastics. According to
this concept, disposal of plastics is treated as
a resource rather than waste (Dijkstra et al.,
2020). Therefore, developed countries are
paying more attention to the recycling of
plastics waste before subjecting plastics waste
to other disposal methods. Table 1 shows the
waste management methods and policies for
resource recovery that have been implemented
in developed countries (Chen et al., 2021).

Segregation of waste is a promising
method as it reduces the amount of waste
ended up in open dumps and landfilling
while increasing the amount of recyclable
waste (Sukholthaman and Sharp, 2016).
Public participation is very important in
this step and their contribution of waste
separation helps to reduce most of the
problems in waste collection, transportation,
intermediate treatment, and disposal process
(Sukholthaman and Sharp, 2016).

In Japan, Kamikatsu village residents
use a system that allows them to separate
household waste into 34 categories (Sidjabat
and Ilmi, 2020; Garcia-Rubio, 2020). This
environmental initiative aims to reduce the
amount of waste that ends up in incinerators
which could harm the food supply and
the environment due to the emission of
greenhouse and hazardous gases. The
separated waste is then transferred to
recycling centres. This town has been
achieved a recycling rate of 80% after many
residents get used to the routine of washing,
sorting, and transporting trash to the recycling
centres and aims to recycle 100% in near
future (Garcia-Rubio, 2020).

Sweden has introduced one of the most
successful waste management systems in
the European Union (Sidjabat and Ilmi, 2020;
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Garcia-Rubio, 2020; Milios et al.,, 2018).
Citizens are aware of the importance of
separating waste properly. This procedure is
carried out through the separation of waste
into different coloured bags according to their
type. Then, further separation process is
carried out as recyclable and non-recyclable
waste in various waste separation plants
that are situated throughout the country.
Recyclable waste is formed into new materials
and non-recyclable materials are burned in
plants to generate electricity under the process
of “waste-to-energy”.

Bhattacharya et al. (2018) have reported
a model for recycled plastics waste in India.
In this model, after the plastics waste is
collected, it is separated, cleaned, shredded,
and pelletized at the recycling process
plant. Then, the recycled granules are
developed into value-added products with
high performance based on the research and
developments with the aid of government
support. It has been suggested that recycled
plastics granules can be used to manufacture
furniture, fire-retardant plastics, incorporate
in road laying, low-end products such as
flowerpots, dust bins, and toys as well as
production of fuel oil. Besides, Ragaert et al.
(2020) have developed a new product called
“Greentile” from the materials of sink fraction
obtained from the float-sink sorting of mixed
post-consumer packaging waste which has
been sent to the incineration before.

Arachchige et al. (2019) have proposed
a waste management model to address the
solid waste problem in Sri Lanka. Accordingly,
a clustering process has been suggested,
according to the total waste generation in
sub-district units, including Pradeshiya
Sabha level or District Units. The proposed
model categorizes waste into three types:
Type S, with total waste less than 30 tons
per day; Type M, with total waste ranging
from 30 to 100 tons per day; and Type L,
with total waste higher than 100 tons per
day. The authors recommend implementing
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Table 1. List of countries and their respective plastics waste management methods for resource recovery

(Chenetal., 2021).

Country Policy Method of resource recovery
Denmark Denmark Without Waste II Recycling

Germany German Closed Cycle Management Act Circular economy

Japan Waste Management and Public Cleansing Law Recycling at source and recycling fee
Sweden Swedish Environmental Code Waste to energy

USA (San Francisco) Mandatory Recycling and Composting Ordinance  Composting and recycling at source

composting and recycling for Type S cluster
areas, while employing waste-to-energy
and landfilling methods for Type M and L
areas. The study emphasizes the importance
of proper management processes by local
governments to implement the proposed
model effectively. Furthermore, citizens are
encouraged to segregate household waste
correctly, using colour-coded bags: green for
biodegradable waste, blue for cardboard and
paper, orange for plastics and polyethylene,
and yellow for hazardous waste.

Alternative for plastics:
plastics

Biodegradable

Biodegradable plastics are a better solution
for reducing the plastics waste problem due
to their fast degradability, as conventional
petroleum-derived plastics take more
than a hundred years to fully decompose
(Ebnesajjad, 2013). It is not imperative to
biodegradable plastics are always synthesised
from biomaterials. On the other hand, plastics
that are synthesised from biomaterials are
not always biodegradable (Rujni¢-Sokele
and Pilipovi¢, 2017). It can be identified as
four main categories of plastics according to
the biobased materials and biodegradability
properties (Rujni¢-Sokele and Pilipovi¢, 2017;
Alaerts et al., 2018; Onen Cinar et al., 2020).
They are:

i. Biobased-not biodegradable bioplastics:

- bio-polyethylene
- bio-polypropylene
- bio-polyamide

- cellulose-acetate

- bio-polyisoprene

+ bio-polyethyleneterephthalate
ii. Biobased-biodegradable bioplastics:
- polylactic acid (PLA)
- polyhydroxyalkanoate (PHA)
- thermoplastics starch
- cellulose-regenerates

iii. Fossil based-not biodegradable
conventional plastics:

- high-density polyethylene (HDPE)
- low-density polyethylene (LDPE)
- polypropylene (PP)
+ polystyrene (PS)
- polyvinylchloride (PVC)
- ethylenevinylalcohol (EVOH)
iv. Fossil based-biodegradable bioplastics:
+ co-polyester
+ polybutyleneadipate terephthalate
(PBAT)
+ polycaprolactone (PCL)
- polybutylenesuccinate (PBS)

The biodegradability of plastics depends
on several parameters, such as raw materials
of plastics, chemical composition, structure of
the final product, and plastics decomposing
environment (Rujni¢-Sokele and Pilipovic,
2017). Table 2 gives the details of some
common biodegradable polymers in the
market and their applications.

Although biodegradable plastics have
the potential to decompose in a short period,
these plastics simply cannot be discarded
into the terrestrial environment after the
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Table 2. Common biodegradable polymers that are available in the market (Ebnesajjad, 2013).

Polymer Chemical Composition Applications Biodegradability
€-Polycaprolactone Sutures, > 12 months
(PCL) g contraceptive
/{\AAH/ EI: implants, paints,
i and metal
protection films
Polyglycolide or 0 Sutures > 3 months
polyglycolic acid J&O \)@\
(PGA) ;
Polyhydroxyalkanoate: a0 Compost bags, 3 — 12 months
polyhydroxy butyrate ]_R )\)L:‘\ consumer
(PHB) and polyhydroxy ° , (PHB) packaging,
valerate (PHV) He o agriculture films
A
(PHV) "
Polydioxanone (PDO) " Sutures <7 months
FHong 2™ O/\W}”
0
Cellulose acetate q Cigarette filters, <24 months
/?k CH, .
e 0=<0 textiles, spectacle  (Depends on
@m_g_o e J frarngs, film acetate content)
o media, wound
0=< HiC. .0 .
s Tor _ dressings,
B toothbrush
Polylactic acid (PLA) Spunbond fabrics,
o pure and natural

diapers, casings,
Fibre electronics
covers, cloths,
fibre fills, film
overwraps, PLA
bottles,
foodservice ware

end-of-life. The biodegradation rate of these
biodegradable plastics depends on disposal
methods and vital particular conditions
including temperature, the presence of light,
the presence of oxygen, presence of specific
microorganisms (Rujni¢-Sokele and Pilipovic,
2017; Agarwal, 2020). The disposing methods,
such as reuse, recycling, energy recovery and
composting, can be identified as the main

disposal options of biodegradable plastics
(Rujni¢-Sokele and Pilipovi¢, 2017; Gioia et al.,
2021).

Compostable plastics undergo
decomposition of the polymer by
microorganisms and convert it into carbon
dioxide, water, mineral salts, and biomass
without affecting any toxic side effects to
the natural environment (Rujni¢-Sokele
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and Pilipovi¢, 2017; Agarwal, 2020; Gioia
et al,, 2021). The following four criteria
should be achieved by bioplastics to fulfill
the compostable ability (Rujni¢-Sokele and
Pilipovi¢, 2017; Agarwal, 2020).

i. Bioplastics material should contain
50% organic matter and not exceed the
standard limitations of the heavy metal
amounts in the chemical structure.

ii. Biodegradation or the conversion of
organic carbon into carbon dioxide
of the bioplastics material should be
able to undergo 90% of decomposing
percentage within six months at controlled
composting conditions.

iii. The  bioplastics material should
disintegrate within 12 weeks and
fragments should not be detectable
visually or should be smaller than
2mm under the controlled composting
conditions.

iv. After the degradation of the bioplastics
material, residue products should not
cause any toxic effect to the natural
environment.

There are bioplastics materials that do
not fulfill the above criteria of compostable
standards (e.g., bio-PET, bio-PP, bio-PE).
These bioplastics that are not conformed to
the criteria of compostable ability should
undergo conventional plastics waste disposal
methods, such as recycling and energy
recovery. Compostable bioplastics are widely
used as bags for food waste collection
and agricultural mulch films where the
separation of organic matter and plastics
is problematic. Most of the biodegradable
plastics are decomposed completely under
industrial composting conditions. Therefore,
all biodegradable plastics material may not
be suitable for home-composting conditions

that contain natural environmental conditions.

The biodegradability of plastics materials is
achieved by taking advantage of their natural
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characteristics. This process only succeeds if
the correct conditions are encountered.

Strategies of plastics waste management

Plastics waste recycling

Compared to incineration and landfilling,
recycling of plastics waste is more eco-friendly
and is an acceptable method of disposal.
Basically, recycling is divided into two
categories: mechanical and chemical
(Hopewell et al., 2009; Faraca and Astrup,
2019). The former refers to the process of
converting non-biodegradable plastics into
useful products, while the latter includes
various methods to break down plastics into
their basic components, which can then
be repurposed. Some chemical recycling
methods involve re-heating, while others may
use chemical reactions or solvents without
re-heating (Hopewell et al., 2009). Instead of
chemical recycling, mechanical recycling is
an eco-friendlier method. It saves energy and
produces less pollution.

Plastics are classified into seven types
according to the materials used in its
production.  This classification supports
identifying the plastics materials in the
mechanical recycling process. Table 3 shows
the types of plastics, common use and the
products that could obtain after the recycling
process (Okunola et al., 2019).

Although these recycling waste
management principles reduce plastics
consumption, there must be a proper

sorting system to handle the amount
of post-consumer plastics waste that is
inevitably generated.

Upcycling of waste plastics
Generally, plastics only downcycles, losing
significant strength once it is melted, whereas
upcycling is the new concept of converting the
waste plastics into something more valuable
(Chanda, 2018; Faraca and Astrup, 2019).
Carbon is the major component of plastics,
and therefore, waste plastics can provide a
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Recycling Types of Applications Recycled materials
code plastics
A Polyethylene Soft drinks, water bottles, Pillow and sleeping bag
U.) terephthalate containers, salad dressing, filling, clothing, soft
(PET) biscuit trays, and salad domes.  drink bottles, carpeting,

building insulation

n
(A}

High-density

Shopping bags, freezer bags,

Recycling bins, compost

polyethylene buckets, shampoo, milk bins
(HDPE) bottles, ice cream containers,
juice bottles, chemical and
detergent bottles, rigid
agricultural pipe, crates.
AY Polyvinyl Cosmetic container, plumbing Compost bin
E‘) chloride pipes and fittings, electrical
(PVO) conduct, blister packs, wall

cladding, roof sheeting,
bottles, garden hose, Shoe
soles, cable sheathing, blood
bags and tubing.

n
(&A}

Low-density

Refuse bags, irrigation

Bin liners, pallet sheets

polyethylene tubings, mulch film, cling
(LDPE) wrap, garbage bags, squeeze
bottles.
7\ Polypropylene Microwave dishes, lunch Pegs, bins, pipes, pallet
C‘;‘) (PP) boxes, packaging tape, garden sheets
furniture, kettles, bottles and
ice cream tubs, potato chip
bags, straws
A" Polystyrene CD cases, plastic cutlery, Recycle bin
Ls‘) (PS) imitation glassware, low-cost
brittle toys, video
cases/foamed polystyrene
cups, protective packaging,
building and food insulation
Other Miscellaneous plastics Recycle bin

n
A

(laminates, multilayered
materials, composites),
automotive and appliance
components, computers,
electronics, cooler bottles,
packaging

carbon source for carbon-based value-added
such as light hydrocarbons,

products,

upcycling.

carbon black/activated carbon, carbon fibres,
carbon nanotubes, and graphene (Chanda,
2018). Converting waste plastics into such
value-added products is a good example of

Pyrolysis of plastics waste

In the process of pyrolysis, organic polymer
chains are converted into liquid oil, gases,
and char products at high temperatures
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(300-900 °C) in the absence of an oxygen
environment through thermal decomposition
(Miandad et al., 2016). In addition, when a
suitable catalyst is used, the quality of the
liquid oil yield can be improved, and the
process temperature can be reduced. It is
reported that the pyrolysis process can convert
plastics into 78-84 wt.% of liquid oil (Miandad
et al., 2016). This liquid oil, obtained from the
plastics pyrolysis process, has the potential
to be used as an alternative to fuel oil. The
most common plastics waste types used
for the pyrolysis process are LDPE, HDPE,
PP and PS. In addition, PVC plastics is not
heavily employed for the pyrolysis process
as the reaction vessel may corrode due to the
emission of hydrochloride gas during the
pyrolysis process (Miandad et al., 2016).

Plastics waste incineration

Plastics waste that contains a high amount
of impurities and recycled materials is
more cost-effective by being applied to
the incineration process (Hahladakis and
Iacovidou, 2019). Therefore, plastics waste,
such as composite materials, multilayered
materials and low-quality recycled materials,
that cannot be recycled again can be used
for this process. Plastics waste materials
contain a higher calorific value and a lower
moisture content when compared to organic
waste materials. Therefore, plastics waste
is a suitable material for incineration and
recovers energy from direct combustion. In
this process, It is produced electricity, steam,
or heat from the direct combustion of plastics
waste as a raw material (Arachchige et al.,
2019). In Sri Lanka, the surface moisture
of plastics waste increases due to rainy
seasons. Therefore, the moisture removal
pre-heating process would be required before
the incineration process of plastics waste in
order to reduce the energy of the combustion
process (Arachchige et al., 2019).

Currently, in Sri Lanka, an incineration
power plant is being established in Colombo
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municipal area to generate electricity
with fresh municipal solid waste with the
partnership of Western Power Company Pvt.
Ltd. in Muthurajawela. It has been estimated
to convert 700 metric tons of solid waste into
electricity by operating approximately 7,500
hours a year and providing 9.7 MW of power
to the Ceylon Electricity Board. However,
hazardous gas emissions can occur due to
the incineration process, and it should be
promoted the reduction, reuse, and recycling
of plastics waste in society.

Plastics waste disposal in landfills

Nowadays, in many countries, one of the
most often used approaches for disposing
of municipal solid waste is landfilling
(Aljaradin and Persson, 2012; Sabour et al.,
2020). There are advantages as well as
disadvantages to disposing of plastics waste
in landfills. Compared to recycling and
energy recovery processes, landfilling
requires lower investment to the initiation,
and labour-intensive is low. However,
environmental problems are high in landfills
mainly due to the production of greenhouse
gases (CO, and methane). To avoid this
problem, modern landfills are required control
systems to collect landfill gases and leachates
(Chanda, 2018).

Gap identification of plastics waste
management in Sri Lanka

Currently, the Municipal Councils of Sri Lanka
have collected only the waste that is segregated
as biodegradable waste, cardboard or paper,
and plastics. The municipal councils have
scheduled particular days in a week for the
collection of mentioned segregated waste.
Although this segregated waste is collected on
different days, the disposal of this waste takes
place in an open dump. The main problem is
that the rest of this plastics waste becomes
dirty due to contamination of the remaining
food and soil. There is no proper separation
method of this waste plastics according to the



types of polymers in the plastics composition
to be carried out in the recycling process as
well as the other energy recovery processes.

In addition, problems can be identified
as allocated funding for waste management
programs is not sufficient for the maintenance
of garbage collecting and transporting
vehicles. Inadequate waste collection vehicles
and irregularity of waste collection persuade
burning and illegal dumping of solid waste
in society. Even if waste is separated as
non-biodegradable or plastics, paper, and
cardboard, organic and hazardous waste, all
categories ended up in the same transporting
vehicle during the collection, and mixed
solid waste is disposed to the dumping sites
at the end. Furthermore, the amount of
defined garbage bins for waste categories
are not sufficient in public areas. The lack
of policies and a strong legal framework
promotes the incorrect waste disposal practice
in public areas. On the other hand, recycling
facilities are centred only for urban areas
(Alahakoon and Karunarathna, 2020). The
negative attitude of the people about waste
management, lack of participation, high rate
of population growth in urban areas, and
space limitations are the other reasons for the
increase in the municipal solid waste problem
(Fernando, 2019).

In addition, the main factors of improper
waste management in Sri Lanka can be
categorized as financial issues, political
issues, technical issues, and socio-cultural
issues. Several programs for solid waste
management have been proposed and initiated
in the past two decades to obtain a proper
waste management system in Sri Lanka. The
main reason for the failure of these waste
management programmes seems to be the
poor implementation and the lack of teamwork
of both government authorities and society.
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Conceptual model for plastics waste
management

When considering the current situation in Sri
Lanka, mixed plastics waste can be identified
as dry mixed plastics waste and contaminated
mixed plastics waste. A certain percentage
of the dry mixed plastics waste is collected
by recycling centres and separated for the
recycling process. The contaminated mixed
plastics waste is collected by the municipal
councils and a higher amount of them dispose
of open dumps. This model is developed
for the segregation of general contaminated
mixed plastics waste that generates from
households, institutional, = commercial,
industrial, hospitals, and other areas. The
schematic presentation of the conceptual
model is shown in Figure 4.

Waste disposal areas in local authorities
and municipal councils can be converted into
waste parks as the areas doing pretreatments
for the mixed plastics waste. These waste
parks should be divided into Waste Park
Section 1 and Waste Park Section 2. The mixed
municipal solid waste generated from public
areas is collected by the local authorities and
transported to the Waste Park Section 1. The
separated waste at the source from households
and institutional areas should hand over the
plastics waste into Waste Park Section 2. It can
be introduced to a buying and selling system
to promote source separation of plastics waste
among the citizens.

The cleaning process can be carried out
in the Waste Park Section 2. Then shredding
and separation can be done after the cleaning
process. There are several techniques for the
separation of plastics waste and recyclable and
non-recyclable plastics can be separated for
further process. After separating recyclable
and non-recyclable plastics they can be
distributed to the recycling companies and
disposal areas.
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Figure 4. Schematic presentation of the conceptual waste management model.

Separation techniques for plastics waste

The current plastics waste management
problem in Sri Lanka is the separation of
plastics waste according to the different types

of polymers in the plastics compositions.

Because recycling of plastics is mainly limited
to rigid packaging materials such as PET
bottles or other pure PP or PE containers
(Araujo-Andrade et al., 2021). There are
several methods to separate plastics from
other waste as well as plastics. Figure 5 shows
the classification of several methods in plastics
waste separation (Ruj et al., 2015).

Manual sorting

Waste plastics are classified according to
their shape, appearance, colour, and brand
using manpower in this sorting system
(Sutar and Salunkhe, 2015). It is a simple

method based on the material identification
code and does not require an advanced
instrument handling technique. In addition,
errors can occur due to the lack of proper
knowledge about plastics types in this sorting
method. Manual sorting can be effective for
small-scale operations or for initial sorting
before more advanced separation techniques
are applied. However, it is labour-intensive,
time-consuming, and may have limitations
in terms of accuracy and efficiency compared
to automated sorting methods. However,
manual sorting cannot be applied to separate
plastics that are made from composite
materials, such as fibre-reinforced plastics
and multi-layered structures (Araujo-Andrade
et al., 2021). Nonetheless, manual sorting
remains an important part of plastics waste
management, especially in regions or facilities
where automated systems are not available or
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‘ Plastic waste sorting techniques ‘

Automatic

N-IR, X-rays, Air classifiers Electrostatic

Laser detectors

separation

Hydrocyclones Selective dissolution

Sink-float tanks (By preferred solvent
adsorption, by hydrophobicity)

Figure 5. Classification of the plastics sorting methods (Ruj et al., 2015).

economically feasible.

Automatic separation

Automatic separation of plastics waste can be
further classified as dry sorting techniques and
wet sorting techniques.

Dry separation

Cleaning of plastics waste can be carried out
using a dry or wet process according to the
quality of the collected waste samples. When
compared to the wet cleaning process, dry
cleaning with air has more advantages as
it avoids excessive energy consumption for
the post-separation drying process. It can
be separated from dirt and dust in the waste
plastics materials using proper equipment
such as screen units and air stream separators
(Jank et al., 2015; Chanda, 2018).

Dirt and dust particles that adhere to
the plastics materials due to the electrostatic
charge can be removed using a screen unit
and air separator, respectively. In the screen
unit, mixed plastics such as various types of
composite materials follow the size reduction
before the dry-separation (Hansen et al., 2007,
Jank et al., 2015). In the air stream separators,
lighter materials have been carried upward
by the air stream to discharge and heavy

materials have been carried downward. The
cascade separators that separate fibres and
insulation film or foam and soft film and the
fluidized air bed separators that separate the
rubber from rigid thermoplastics or aluminum
from plastics are the commercially available
air stream separator units (Chanda, 2018).

Air classifier

Air classifiers are used to distinguish
heavy plastics materials from light plastics
materials using airflow as a medium (Serranti
and Bonifazi, 2019). Furthermore, this
technique can be used as a cleaning process of
contaminants such as dust, sand, glass powder,
and wooden materials in the main plastics
waste stream. This technique has a simple
working principle; that is, the heavy materials
are blown down with the speed of the air
stream, and the light materials are blown up
as shown in Figure 6. (Shapiro and Galperin,
2005; Gundupalli et al., 2017). In practice,
plastics waste such as packaging materials
and foils can be separated primarily from
automotive parts, electrical and electronic
devices through air classifiers.
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Figure 6. Schematic representation of an air
classifier (Serranti and Bonifazi, 2019).

Triboelectrostatic separation

The triboelectrostatic separation method is a
strongly suitable method for plastics waste
separation due to the maintenance of the
original properties of the plastics, such as
high efficiency, low cost, and the low impact

of environmental pollution (Li et al., 2015).

Dielectric properties in plastics particles are
used in this separation. plastics waste particles
are rubbing together to induce different
electrical charges and separation is carried out
inside an electric field that contains positive
and negative electrodes (Al-Salem et al,
2009). The triboelectric charging sequence in
plastics can be aligned as positively charged
plastics to negatively charged plastics; (+)
ABS-PP-PC-PET-PS-PE-PVC-PTFE )
(Dodbiba et al., 2002; Serranti and Bonifazi,
2019). Furthermore, when two plastics
materials in this sequence are rubbed against
each other, the material closest to the
positive end is charged positively and the
material closest to the negative end is charged
negatively. The main disadvantages in the
electrostatic separation of plastics waste can
be identified as follows: The plastics waste
stream should be dry and clean because water
and dirt particles on the surface of the waste
plastics would not provide specific electrical

properties to the plastics (Wu et al., 2013).
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In addition, the additives and fillers in the
plastics would prevent the surface charging of
the plastics (Wu et al., 2013; Li et al., 2015).

Spectroscopic separation

Spectroscopic separation is carried out
based on optical spectroscopies such as the
Fourier-transform infrared spectroscopy
(FTIR), near-infrared spectroscopy (NIRS),
Raman spectroscopy (RS), and X-ray and laser
spectroscopic techniques. When exposed to
a specific optical wavelength, the plastics
material reflects an ideal spectrum for each
type of plastics. According to the spectral
fingerprints of the chemical composition of
plastics, it has been able to differentiate into
plastics types (Araujo-Andrade et al., 2021).

The FTIR is present in the mid-infrared
(MIR) region which provides a wide spectral
range (4000-400 cm-1) for molecules to
vibrate at specific wavelengths by absorbing
infrared radiation. The most common plastics
used in the packaging process such as PET,
polyamide, polylactic acid, HDPE, PVC, LDPE,
PP, and PS can separate through the MIR
spectroscopy analysis (Jung et al., 2018). The
main advantage of this method is coloured
and black plastics that have included carbon
black or fibre materials can be identified due to
the MIR range poses beyond the visible range.
Recently, the MIR spectroscopy system is
with a combination of hyperspectral cameras
that are working on the MIR range can
provide chemical imaging based on molecular
information of the sample. It is more reliable
to separate black plastics into specific plastics
using hyperspectral cameras with MIR
spectroscopy technology (Araujo-Andrade
etal., 2021).

In addition, plastics with minor changes
in the structure, such as PP, PS, polyamide, PE,
acrylonitrile, ABS, PET, polycarbonate, PVC,
polyurethane and polyvinylidene chloride, can
be separated due to the high sensitivity of
detection using Raman spectroscopic analysis
(Araujo-Andrade et al.,, 2021). However,



the detection of acrylonitrile specifically
may present challenges. This is because
acrylonitrile, a monomer in some plastics like
ABS, has a strong CN stretch vibration that may
overlap with other signals in the spectrum,
making it harder to distinguish depending
on the spectral resolution and the specific
matrix in which it’s embedded. Furthermore,
Raman spectroscopy and near-infrared
spectroscopy (NIRS) cannot be used to
separate black plastics since these techniques
operate in the visible to near-infrared region,
where black materials absorb most of the
light, reducing the effectiveness of the
detection (Brouwer et al., 2018). The laser
and X-ray spectroscopic techniques are
commercially used to identify and separate
organic and inorganic materials in plastics
such as flame retardants or inorganic fillers
(Araujo-Andrade et al.,, 2021). Table 4
summarizes the commercially available
optical techniques and their functionality in
plastics identification.

Wet separating techniques

Sink-float separation: The plastics materials
are separated according to their density
in a suitable separation solution medium
in the density separation method. Herein,
plastics that are lower density than that of
the medium solution come to the surface
whereas plastics that are higher density
than that of the medium solution sink in
the bottom. The olefinic materials including
HDPE, LDPE, and PP can separate from PET,
PVC, PS, and ABS plastics from the flotation
section when using water as the medium
solution in the float-sink tank (Pongstabodee
et al., 2008). In addition, different medium
solutions are required for individual separation
of both flotation and sink plastics materials.
Composite plastics materials that incorporate
fillers in the processing and hollow shape
plastics cannot be separated using this density
separation technique. This technique can
mainly be used to separate polyolefin fractions
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from post-consumer plastics. Although, waste
fractions should undergo pre-separation and
screening steps to avoid impurities as organic
and wooden waste (Bauer et al., 2018).
Hydrocycloning: Hydrocycloning is a density
separation technique. It uses centrifugal forces
and fluid resistance to separate particles with
distinct properties (Hansen et al., 2007; Yuan
etal., 2015). First, the size of plastics particles
should be reduced and introduced into the
inlet in a perpendicular direction. Afterward,
materials are rotated within the vessel and
eventually created a vortex. The centrifugal
force moves heavy materials outward and
could be collected from the bottom of the
chamber as shown in Figure 7. The light
materials move into the centre of the vortex
and can be collected from the upper part
of the chamber. It has been reported that
low-density particles are difficult to separate
from the cyclone chamber due to the particle
moves away by the underflow stream (Yuan
et al., 2015). This separation method requires
relatively complex instruments and needs
to have exact characteristic control of the
plastics such as polymer to fluid ratio, particle
size, and particle morphology (Serranti and
Bonifazi, 2019).

Selective dissolution: The selective
dissolution and reprecipitation methods
are used to separate target polymers from
multilayered materials. Different organic
solvents, such as toluene, tetrahydrofuran
and xylene, are used to dissolve the first
polymer of multilayered plastics material in
the solvent whereas second polymers and
additives remain as residues. The dissolved
polymer can reprecipitate after separating
through filtration of the remaining residues
(Kaiser et al., 2017).

This method has been applied to the
recycling of waste plastics packaging,
electrical and electronic equipment (Knappich
et al., 2017), and construction materials
(Kaiser et al., 2017). The advantages of this
method are that high-quality material can be
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Table 4. Summary of commercially available optical techniques in plastics identification (Araujo-Andrade

etal., 2021).
Spectroscopic © =
techniques 2 “;’ En :i‘ % ° o
S8e. 2% 23 = & 52 2, 52
S2%2 5% E282:% £% »E SE=
8952 28 E-tTE B 58 §3 2s8<
252 22 SZEEEE 22 55 555
ACoORP Ha O 2 @Tmo = Oa wno = as
Near-infrared  US$ 900- No Yes No Yes No <4.0 nm
spectroscopy 2500
nm
Near-infrared ~ US$$$ 900- No No Yes Yes No <4.0 nm
hyperspectral 1700
imaging nm
FTIR US$S$- 4000- Yes Yes Yes Yes No 0.5-2.0 um
spectroscopy ~ US$$$ 400
cm’!
Mid-infrared ~ US$$$$ 3500- Yes No Yes Yes No um
hyperspectral 2400
imaging cm’!
Raman US$$- 2800- No Yes Yes Yes  Yes um
spectroscopy ~ US$$$$ 200 (wavelength
cm’! dependent)
Laser-induced US$$ 200- Yes Yes Yes Yes Yes um-mm
breakdown 1000
spectroscopy nm
X-ray USS$S- X-ray No Yes Yes Yes Yes cm
fluorescence  US$$$$ source
spectroscopy range:
5-80
keV

obtained from the precipitated polymer and
no complex sorting techniques are required.
The main drawbacks are that the high solvent
cost and energy required drying process of
recovered polymers (Kaiser et al., 2017).

Other automated separation techniques

Other automated sorting techniques employ
various properties of the waste material
including magnetic susceptibility, electrical
conductivity and density for heavy media
separation by applying external fields
like magnetic, eddy current and gravity
respectively (Gundupalli et al., 2017,
Araujo-Andrade et al.,, 2021). Auxiliary

separation techniques are used to clean the
plastics waste stream from other materials
such as ferrous metals including stainless
steel, nickel alloys, and non-ferrous metals
including aluminum and copper (Serranti and
Bonifazi, 2019). Magnets are used to separate
ferrous metal whereas eddy current-based
separators are used to separate non-ferrous
metals (Serranti and Bonifazi, 2019).

Materials can be separated before the
size reduction or after the size reduction
according to the resin type and the colour
in the automated separating techniques. In
most of the recycling industries automated
separating techniques are used to separate
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Figure 7. Schematic presentation of plastics
hydro-cyclone separator (Serranti and Bonifazi,
2019).

look-alike post-consumer bottles such as
non-pigmented PVC and PET bottles (Chanda,
2018).

Sustainable plastics waste management-
Public awareness and legal framework

Plastics waste management cannot be
sustainable without the support of society.
Therefore, public awareness and the legal
framework on plastics waste management
are very important. Several researchers
have identified factors that affect the
implementation of waste management
systems in a country such as participation
of the citizen, the sufficiency of resources,
people’s awareness and training, staff
awareness and training, availability of the
market, support from the political leadership,
and contribution of the society and the
business community (Fernando, 2019;
Basnayake et al., 2020).

In terms of plastics waste management,
public awareness about the plastics types,
characteristics, and application is very
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important. As in many developing countries,
a lack of commitment to sustainable waste
management practices from the public can also
be observed in Sri Lanka. Waste segregation
at the household level is also practised at
a minimum level. Even though they are
segregated, collectors dump all waste into one
collection chamber installed on the garbage
collecting vehicles. Therefore, knowledge
about plastics types and recyclable codes
should be included in the education system in
Sri Lanka. Public awareness programs should
be implemented at the school level with the
priority of the local authorities. For that, the
government can get the support of the private
sector. It can implement the separation of
plastics waste according to their type among
the society by advertising through media
channels. Also, introduction of TV-series
and movies about the importance of plastics
waste management and the separation process
as a community can be done to increase the
positive attitude towards the source separation
of plastics waste. In addition, staff awareness
about the plastics types is also important in
the waste collection and separation section in
municipal councils. Award systems can also
be implemented to motivate the workers who
have the correct knowledge about the plastics
separation process.

On the other hand, the established
policies should be maintained in a proper
legal framework. People and manufacturing
companies both should be able to act beneath
the policies when it comes to disposing of
plastics waste and manufacturing plastics
products, respectively. Political leadership and
the ministries that are responsible for waste
management should stop the blaming game
and properly handle and sustain the waste
management plans.

Conclusion and Recommendations

Plastics waste management is a challenging
problem in Sri Lanka as a developing country.
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However, this can be done by establishing
a proper plan, policies, and engagement of
citizens. The conceptual model suggests
the post-separation of plastics waste in a
waste park that was established in the smaller
administrative boundary of the country as
Pradeshiya Sabha. For that, a combination of
plastics waste separation techniques can be
used. At the same time, source separation of
plastics waste according to the plastics-type

must be encouraged at the domestic level.

Then the source-separated plastics waste was

handed over to the waste parks near the area.

These waste parks can be used as intermediate
sorted plastics waste distribution points for
further processes such as recycling, pyrolysis,
and incineration. Legal framework and public
awareness are recommended as an essential
part of this process.
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