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ABSTRACT

Plastics i.e. polymers are long chains or networks of monomer molecules which can be fabricated in
desired shape, colour and specifications. The multi-functionality of this macromolecule has made it
an integral part of society. Due to being given immense importance in various industrial sectors,
like information technology, electrical, as well as electronics industries, intelligent, smart and
advanced packaging systems, agriculture, automobiles, biomedical applications, etc., they are quite
indispensable for the modern generation. The huge demand and high frequency usage have alarmed
a number of countries littered with plastic wastes which need to be attended immediately. The
effects of plastic solid waste on environmental living and non-living components are noticeable in
the ever-increasing level of plastic pollution both on land and in the oceans globally. This paper
compiles the various aspects and prospects of disposal methods like landfilling, recycling, progress
in recovery and management of plastic waste (i.e. primary, secondary, tertiary and quaternary) in
order to minimize its huge volumes. The depolymerisation process is the key technology behind its
success which provides a high yield of product and a minimal amount of waste. Few innovative
methods other than recycling published by different researchers are also discussed in this paper.

Keywords: plastic solid waste (PSW), non-biodegradable, pollution, health hazards, recycling

INTRODUCTION pesticides containers, plastic packaging,
batteries and discarded digital devices,

Mankind is struggling with too many problems electronic and electrical appliances. Municipal

related to environment, like pollution, crisis of
demand and supply of energy, soil quality,
food security, waste management, population
explosion, loss of biodiversity etc. Nowadays,
the waste is composed of an endless list of
dangerous materials, such as medical waste,
paints, fluorescent tubes, fertilizers and

solid waste (MSW) mainly comprises kitchen,
pantry, and yard wastes, paper and plastics
discarded by  households, industries,
institutions and commercial structures. The
flexible, non-recyclable, easy to mould plastic
materials are being used by each generation in
a wide range of applications, like 3D printing,

&
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packaging, construction etc. The quantum of
post-consumer plastic waste is regularly
increasing due to rapid rise in population,
developmental activities and changes in
lifestyle. It generally ends up in unplanned
dumpsites in developing countries and persists
in environment for a long period of time. The
wind can easily carry lightweight plastic bags.
This results in clogging drain pipes, flooding,
preventing rainwater from penetrating the soil
and loss of crops. Live stocks or marine life
often mistake plastic bags for food which is
the dark side of this versatile material. Thus,
plastic waste materials are causing severe
harmful effects on the environmental
dimensions and our society as well. The
scientists from the Marine and Environmental
Sciences Centre have reported plastic pollution
commonly referred to as “plasticrusts” in
marine ecosystems (Madeira, a Vvolcanic
Portuguese island of northwest Africa). They
observed the deposition of grey and blue
patches of melted plastics encrusted on the
rocks of the oceans which may cause
damaging impacts on flora and fauna of the
aquatic ecosystem. The potential effects of
“plasticrusts” found in the intertidal rocky
shores of a volcanic Atlantic island are still
unknown, but it has the potential to affect the
island’s fauna [1, 2]. Research and
development studies are now focused on
exploring whether ingestion of plastic rubble
by aquatic organisms renders lethal exposures
for individuals who depend on seafood with
specific relevance to lead, cadmium, methyl
mercury, plasticizers, phthalates, stabilizers,
Bisphenol A, etc. The consumption of plastic
waste by intertidal animals might be a new
course for entering plastics into trophic levels
of interlinked food webs. Advanced new
disposal methods, such as recycling,
pulverization, pyrolysis, gasification,
incineration, sanitary and secured landfills, etc.
are used to resolve the plastic waste problem.
Transformation of waste into energy such as
biogas, biofuels and novozymes (enzyme-
based solutions which convert low-grade oils
and cooking oils into biodiesel) is a smart
move. Uncontrolled, unplanned dumping and
burning waste is not considered as an adequate

practice from environment and health

perspective.

PLASTIC: ABOON OR BANE

Plastics are the chains of combined carbon
atoms, comprising oxygen, nitrogen or
sulphur. These are prepared from organic
materials found in nature, such as crude oil,
coal, cellulose, minerals and natural gas.
Crude oil or raw petroleum is a non-renewable
fossil fuel which is a complex combination of
hydrocarbons and several compounds that
needs refining before its usage. The major
elementary chemical components of petroleum
are hydrogen (H), oxygen (O) and carbon (C).
The production of plastics, gasoline, kerosene,
diesel and several forms of petrochemicals
starts with the distillation or thermal
decomposition of crude oil in an oil refinery.
This process divides crude oil into a number of
fractional constituents. Every single fraction
comprises ~ of  hydrocarbons  (organic
compounds comprises of carbon (C) and
hydrogen (H)), which differs in chain length
and structural properties. Naphtha, a fractional
component is the essential compound for the
manufacture of  plastics. Naphtha is
decomposed thermally and divided into
different components, like ethylene and
propylene by using differences in their boiling
points (temperature at which naphtha oil
changes from liquid to gaseous phase), which
are the necessary raw ingredients for plastics.
The two main processes i.e. polymerisation
and polycondensation are used to produce
plastic polymers in presence of a suitable
catalyst. It is mandatory to make low-
molecular weight compound (monomer) first
and then bind them together to yield a high-
molecular weight compound (polymer). This
chemical addition of monomers to get
polymers is known as polymerisation. The
word “mono” means “one or single”, while
“poly” means “many” and “mer” means
“parts”. The polymerisation requires heat,
pressure, light and appropriate catalysts
(reaction initiators) and thus ethylene and
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propylene monomers are polymerized into
polyethylene and polypropylene respectively.

The term “plastic” used first in 1925 came
from Greek word “plastikos”, which means
moulded or capable of being shaped. Plastics
are the polymeric materials that contain some
chemicals as additives to  improve
performance, enhance plasticity and durability
or reduce costs. All types of plastic are
polymers, but all the polymers are not
essentially plastic. Plastic is one of the best
innovations of the millennium because it is
lightweight, non-breakable, resistant to
corrosion and decay, easily transportable and
reusable. Plastic has gradually replaced natural
products like metal, wood and fibres and
somehow conserved the natural resources. As
every coin has two sides, so plastic also has its
pros and cons. It does not decompose and it is
resistant to the natural disintegration processes
and thus persists. It releases numerous toxic
compounds which pollute land, ponds,
streams, canals, lakes, rivers, oceans and
leaches to the underground water through soil
upon decomposition over a period of time.
Plastic has also been found in the guts of many
animals like goats, buffaloes, cows, deer and
aquatic organisms suffered to death from
ingestion of plastic debris or entanglement.
Toxic gases, such as carbon monoxide,
phosgene, chlorine, sulphur dioxide, as well as
deadly furans and dioxins are released to the
air if plastic is burnt irresponsibly. Today
plastic pollution is the worst nightmare of the
world. All human beings now have love-hate
relationships with this fascinating material. It
requires global attention and immediate action
towards its handling and management. The
poor management of this multipurpose product
made it a curse for the society. In developing
countries, poor management of plastic waste
causes volumes plastics being mixed into
watercourses and finally carried out to water
reservoirs. Dumping of plastic waste is a
thought-provoking issue of concern in India.
Novel innovative methods have been
employed to reduce adverse effects on the
environment. Plastic can be degraded via a
number of mechanisms, i.e. photo-oxidation,
biodegradation, chemical and thermal. Some

plastics may require several decades for the
degradation depending upon their molecular
structures [3 - 9].

Classification of plastics

(A) Plastics can be grouped into three types
based on their thermal behaviour:

e Thermosets: Thermosetting plastics are
very hard and tight-meshed, branched
chain  molecular structure. Once
shaped, thermosets cannot be softened
or remoulded, even if reheated; e.g.
phenol formaldehyde (PF) or bakelite,
epoxide (EP), polyurethane (PU),
unsaturated polyester resins (UP),
polytetrafluoroethylene (PTFE).

e Thermoplastics: They have a linear or
branched structure and are flexible at
ordinary temperature. Their molecular
structure determines their strength and
thermal behaviour. They do not
undergo any chemical change on
heating hence they can be reshaped
again and again. They become soft on
heating and hard again on cooling; e.g.
polypropylene  (PP),  polyethylene
terephthalate (PET), polythene (PE),
polycarbonate (PC), poly-vinyl
chloride (PVC), acrylonitrile butadiene
styrene  (ABS), polystyrene (PS),
polymethyl methacrylate (PMMA),
expanded polystyrene (EPS).

e Elastomers: These plastics have a cross
linked structure with looser mesh than
thermosets. They are elastic in nature.
Once shaped, elastomers cannot be
reshaped again upon heating; e.g.
automobile tyres.

(B) Based on their size:

e Micro plastics - size less than 5 mm in
diameter.

e Meso plastics - size ranges between 5
and 20 mm in diameter.

e Macro plastics - having size greater
than 20 mm in diameter.
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Sources of plastic wastes

There are several sources which greatly
contribute to plastic waste generation (shown
in Figure 1), and different plastic-consuming
sectors in India are given in Table 1.

Six packnngs;

Food P MES:

ContainersMilk bottles; L40%
1.70% 1.60%

r - Cigarette
Cups/Utensil.. g
ps/LE lighter; 1.20%

Chips and
confectionary

Water/soft bags: 18.60%

drink bottles;
2.60%

Fruitjuice

Garbage bags;
6.70% Straws; 7%

Supermarket/Retail
bags: 7.40%

Figure 1. Sources of plastic waste generation

Table 1. Consumption of plastic in India
by different sectors

Plastic consumption by Percentage
different sectors
Packaging 42 %
Consumer products 24 %
Building and construction 14 %
Industrial goods 13%
Others 7%

Effects of plastic waste

The adversity of plastic waste lies in the
unplanned dumping and disposal of plastic
waste. It affects not only the aesthetics and
hygiene of the area but also has a negative
impact on the natural environment by creating
complications for plants, wildlife, and human
population. Plastic wastes clog the drain
passage and sewer network. They release a lot
of contaminants into water bodies and pollute
them. Intestine of animals may be choked due
to ingestion of plastic into their stomach. They
retard the plant growth as they interrupt the
absorption of nutrients and water from soil.
They also emit volatile organic carbon when
disposed in landfills and decrease the soil
fertility. Toxic gaseous pollutants, like

carcinogenic dioxins and furans are released
into the environment, while plastic
incineration causes various diseases in human
beings, such as cancer, ulcer, birth defects,
respiratory diseases, thyroid problems etc. [10
-12].

Plastic waste management

The plastic production is estimated to increase
by 3.8 % every year till 2030 worldwide. India
produces 15 million tonnes of plastic waste
every year but it is very difficult to handle the
post-consumer waste due to lack of a
functioning solid waste management system.
The goal could effortlessly be achieved
without any doubt if all packaging were made
up of biodegradable material like paper or
wood-based materials. But plastic has been
governing continuously all the products,
especially in the food packaging sector due to
being a moisture-proof, impermeable, airtight
and hygienic material. Thus, global measures
have been undertaken for the development of
eco-friendly, emerging plastic management
systems using green chemistry principles with
safe and compatible disposal methods. We
need to expand, explore and execute the
possible range of options for keeping this
plastic waste out of landfill [13 - 15]. The most
potential and emerging approach is “plastic to
energy”, which converts the chemical energy
stored in plastic waste into fuel energy which
can be utilized for the various purposes [16].
The different methods to manage the plastic
waste are discussed below.

Disposal methods
Landfilling

Landfills are engineered constructions for
containment and disposal of waste material to
avoid contamination of the environmental
dimensions [17]. All types of plastics can be
disposed in landfills. Properly designed and
operated sanitary landfills may be the best
method for disposal of the plastic wastes. All
recyclable materials can also be separated
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before the final closure of any sanitary landfill.
The land can be reclaimed and used as a green
park after completion of the landfill. There
may be confined landfills that are not close to
human habitation and farmland and can be
securely used in an eco-friendly way to
generate energy that can support the needs of
the facility and the local residents. The
methane and carbon dioxide exuding from
these landfills can be harnessed to generate
power. This also diminishes the quantum of
the waste disposed in landfills. If landfills are
not designed and operated properly, the
emissions of landfill gases may give rise to
greenhouse effects, bad odours and drastic
health conditions. Improper lining of landfill
layers allows the leachate to penetrate the sub
soil and pollute the underground water. Since
it needs a lot of space, this is considered as a
highly wasteful method in the countries where
there is a shortage of land for food production
and lodging. Most of the plastics are
impervious to microbial attack and persist in
the environment for a long period of time.
Plastics in landfill pits undergo different
processes, like biodegradation, chemical
degradation, photodegradation and thermal
degradation. When plastics decompose in
landfills trenches, they leak and add pollutants
(bisphenol A and phthalates) into the soil and
surrounding  environment.  Economically,
landfill is the best suitable option, but it may
be questioned whether the disposal of
polymeric waste in landfills can be a
component of reliable plastic  waste
management.

Recycling

Recycling is a promising and feasible
technique to deal with the problem of plastic
waste. Its efficiency is highly dependent on
community awareness economic viability.
Several plastics can be recycled and the
recovered materials can be moulded again and
again. However, this method cannot be
successfully implemented due to
complications while collecting and separating
plastic waste. It is a blend of many techniques
for converting waste plastics into secondary
raw materials. Recycling is the process of

recovering the product from heaps of wastes
and reusing it again and again. It belongs to
any activity including reuse, reclamation and
recovery of materials or articles. This may be
physical or primary, mechanical or secondary,
chemical or tertiary, thermal or quaternary [18
- 20]. Nowadays valorisation term is used for
embracing energy from waste (EfW) [21].

It is not similar to reuse, since the waste plastic
materials ~ cannot  be  claimed  for
remanufacturing. The recycling processes
require the public participation for the
segregation of the waste material at the source.
Due to chemical properties of plastics, the
recycling of plastic wastes also faces some
technical challenges and complications [19].
Proper collection and sorting of plastic waste
add more efficacy to recycling methods [20].
Plastics encompass an extensive range of
resins having diverse chemical characteristics.
Thermoplastics can be reformed into a fresh
new product upon applying pressure and heat.
The major portion of used plastics belongs to
this category. Thermoset plastics cannot be
remoulded upon applying heat and pressure.
The different approaches used for recycling of
plastic waste are given in Figure 2 and
discussed as following.

: Secondary

Quaternary Rﬂe[cy] cl_mlg

Recyeling reprocessing of
(Energy from plastic plastic waste into a

waste) product with
properties lower than

the original product)

Figure 2. Recycling technologies for plastic
waste
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a) Reuse

To use an item again after it has been utilized
once is reuse. This comprises conventional
reuse where the item is used again for the
same function. Without reprocessing, reuse
helps in saving time, resources, energy and
money. It is the simplest way of recycling. For
example, plastic based drinks and water bottles
can be reused as same as glass-based bottles.
But this method only works well for well-
defined, simple, easily recognizable and
separable items. The collection expenses and
proper cleaning must be considered
meticulously. The making of a new product by
utilizing more energy and money via recycling
a used bottle may not be a particularly useful
approach.

b) Primary or physical recycling

It is the process in which less contaminant-
containing scrap materials are recycled for
producing products with similar
characteristics, such as remoulding. Only
homogeneous or well sorted waste plastic can
be recycled using this course of action, while it
is not suited for multi-layered and
heterogeneous mixed plastic wastes [21]. It
conserves energy in huge amounts and
reconverts the less contaminated plastic waste
into its original basic resin form or pellet. The
recycled versions contain properties same as of
the original ones. It is also termed as closed
loop recycling, which transforms one thing
into more of the same thing. Recycling of
aluminium soda cans is one of the examples
because aluminium can be recycled to form
new cans without degrading material and
generating waste.

c) Secondary or mechanical recycling

Mechanical recycling is used for melting down
the homogeneous old plastic material and then
it can be used to manufacture new products
having different characteristics from original
plastic waste materials. This process is
employed for a few times till the polymers
break down and the quality aspects of the
plastic deteriorates. We certainly cannot use

mechanically recycled plastic polymers to
recreate the same product but only to make
something different out of it. This process is
often called as downcycling. When discarded
materials are converted into products of
equivalent or greater value, it is said to be
upcycled. When waste materials are
transformed into products of lesser value, it is
said to be upcycled. It is mostly operated at the
temperature of 200 - 300 °C. It is the simplest
and the most inexpensive method. The steps
include cutting, shredding, contaminants
separation,  floatation  extrusion,  and
palletisation. The problems in this method are
chiefly linked to the deprivation of
recyclability and heterogeneity of waste plastic
materials. Tyre recycling is a standard
example of secondary recycling. It is not
primary recycling, as a majority of recycled
tyres do not end-up as new tyres but they can
be turned into other rubbery products.

d) Tertiary or feedstock or chemical
recycling

Approximately 80 % of total plastic waste
generated nowadays cannot be recycled by
means of primary and secondary recycling.
Hence, tertiary recycling is the best suited
method for disposal of the above said waste
piles. This technique gives valuable products
which may be used as energy resources
without igniting the plastic waste. The process
which reduces a polymer chemically to its
basic monomeric unit and then it can
ultimately be re-polymerized and reformed
[22]. These monomers can be utilized as virgin
material substitutes in manufacturing new
plastic polymers (new plastic products). It is
also known as feedstock recycling or
depolymerisation. Energy recovery means
recovering the energy by converting waste into
usable heat, electricity or fuel employing
different  feasible techniques including
pyrolization, gasification, anaerobic digestion,
combustion, and landfill gas recovery. This
chemical method comprises manufacturing of
some chemicals and energy fuels from plastic
waste scrap and it can be applied to all forms
of plastic waste mountains containing multi-
layered polymeric plastics which cannot be
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recycled using first two recycling methods.
There is a wide range of chemical recycling
methods (plastic to energy/fuel) which are
slightly  cost-effective  than  mechanical
recycling:

- Pyrolysis

Pyrolysis is the most common chemical
recycling process employed for managing
plastic wastes. Plastics are hydrocarbons that
are made from petroleum, and they can be
converted back to liquid fuel. It is a method
where the waste is thermally and chemically
destructed in the absence of oxygen which
results into the formation of gaseous, liquids
and solids fractions. It is an endothermic
process that involves thermal cracking and
condensation reactions. Pyrolysis, sometimes
called “plastics to fuel,” converts non-
recyclable plastics from municipal solid waste
into a synthetic crude oil that can be refined
into gasoline, diesel fuel, heating oil or waxes.
The main pyrolytic products generated are: i)
gases: hydrogen, carbon monoxide, methane
and carbon dioxide, i) liquid: tar oil
containing predominantly acetone, acetic acid,
methyl alcohol, iii) solid: char comprising
almost pure carbon with few inert constituents.
Pyrolysis is done at three different
temperatures to get different products:

e Low: Done at 400 - 500 °C; e.qg.
thermochemical conversion of
polyethylene  and  polypropylene
produces gases and waxes coupled
with hydrocarbon mixture possessing
high calorific values. These gaseous
fractions can be wused again as
feedstock.

e Medium: Operated at 500 - 700 °C.

e High: Greater than 700 °C; e.g. PP and
PE produce olefin mixture at higher
temperatures which can play an
important role in the production of
polyolefins. On the other hand, extreme
pyrolysis yields carbon as the residue
and the process is called carbonization
[23 - 27].

- Hydrocracking

Hydrocracking is a two-step process, a
combination of catalytic cracking and
hydrogenation. Heavier feedstocks are split in
the presence of hydrogen to yield more
desirable products. This process requires
hydrogen, a catalyst (a crystalline mixture of
combination of silica-alumina with a uniform
distribution of rare earth metals like Pt, Pd, W,
and Ni within the crystalline lattice), high
pressure and temperature. The catalytic
cracking is endothermic while hydrogenation
is exothermic in nature. Plastic waste is
fragmented into hydrocarbons under hydrogen
(H2) environment at temperatures 290 to 400
°C and pressure 8.3 - 13.8 MPa [28]. It gives a
better feedstock than gasification and
pyrolysis, quite similar to crude oil in
composition and appearance. The
disadvantages associated with this method are
higher catalyst attrition and therefore higher
catalyst consumption, higher capital costs for
equipment installation, higher operating
temperatures and pressures as well as sediment
formations.

- Solvolysis (dissolution)

It is used to break down (depolymerise) certain
types of plastic waste materials like expanded
polystyrene (EPS)/Styrofoam into monomers
with the help of some solvents, such as
glycolysis, aminolysis, alcoholysis, hydrolysis,
acidolysis and methanolysis. Approx. 97 %
ethylene, methyl methacrylate and styrene
monomers can be retrieved from polyethylene
(PE), polymethyl methacrylate (PMMA) and
polystyrene (PS) respectively [17]. These
solvolytic techniques fall under the categories
of tertiary or chemical recycling options.

- Catalytic cracking

The thermal cracking in the presence of a
catalyst can improve the conversion process
and product quality. Previous studies have
been conducted on pure polyolefins, pure acid
catalysis and mainly zeolites. The catalyst
significantly reduces the reaction times and
destructing temperatures resulting in higher
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conversion rates and gaseous product yield.
The catalytic cracking of the low-density
polyethylene by using zeolite Y has proved its
efficiency as a rich source for the
manufacturing of a number of chemicals and a
better alternative to the production of
automobile fuels. The characterization of
liquid products showed carbon chains of C8 -
C29 and they can be conserved as an
alternative to fossil fuels for better sustainable,
greener and cleaner environment [29 - 31].
Flow reactors are mostly used in the laboratory
experimental set-up for these studies. There
are two distinct modes of catalyst to contact.
The first one is a liquid phase contact and the
other is a vapour phase contact. The catalyst is
contacted with melted plastic in liquid phase
contact and acts upon partially disintegrated
oligomers from long polymer chains, while the
polymer is thermally broken down into
hydrocarbon vapours which then get combined
with the catalyst in vapour phase.

- Gasification

Gasification turns non-recyclable materials
from municipal solid waste into a synthesis
gas or syngas, which can be utilized for energy
generation or converted into fuel or chemical
feedstock like ethanol and methanol, which
can be further used to produce a few other
consumer products. It converts plastics into a
mixture of 25 to 30 % hydrogen, 30 to 60 %
carbon monoxide, 0 to 5 % methane, 5to 15 %
carbon dioxide, and trace amounts of other
gases at high temperatures (> 700 °C), with a
little exposure (controlled amount) to oxygen
and/or steam without combusting the material.
The vitrified slag or by-product slag can be
used as construction material (in concrete or
decorative tiles) [32 - 37]. It is very efficient
method for waste to energy and can handle the
mixed wastes easily but it requires high capital
costs and technology still not established in
terms of economics.

e) Quaternary recycling/incineration
with energy recovery/thermal recovery

Incineration is thermal destruction of any
waste material. It has been generally used for

waste disposal but there is a growing public
concern over the paybacks of burning the
plastic waste versus the potential health risks
from contaminants emitted during combustion.
The open burning or uncontrolled incineration
of waste is the easiest, the oldest and the
cheapest method to get rid of the discarded
materials. It requires less land, reduces waste
volumes and disposes a huge amount of waste
immediately  without waiting for time
consuming biodegradation process with less
efforts. The emissions from combustion
mainly comprises carbon monoxide, sulphur
oxides, nitrogen oxides, hydrochloric acid,
volatile organic compounds, trace amounts of
poisonous chemical such as styrene, benzene,
dioxins, formaldehyde, furans, polychlorinated
biphenyls (PCBs), heavy metals like lead,
mercury and arsenic etc., all of which can
severely impact the entire population of this
planet. The open burning emissions are
directly inhaled or settle on the ground as
droplets or fine particles, because burning of
waste piles often does not end with full
combustion of waste and thus produces
particulate pollution.

Nowadays, incinerators are used to reduce the
large volumes of waste piles. Modern
incinerators use elevated temperatures,
controlled air and outstanding mixing to alter
the physical / chemical / biological
characteristics/composition of waste materials.
These new systems are embedded with
efficient air pollution control devices to seize
particulates and gaseous emissions for
controlled combustion. Still there are so many
health concerns associated with these systems,
especially  for people living nearby
incinerators. The poorly designed incinerators
release some toxic compounds, e.g.
chlorinated dioxins and furans, into the
environment; therefore, they face strong
opposition and ire from various non-
government organizations and nature lovers.
Since municipal wastes contain plastics, many
countries do not give permission for these
wastes to be incinerated. Combustion of
plastic waste causes negative effects on
environment and health as dangerous
substances are released into the atmosphere
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during the process. These harmful emissions
may be carcinogenic and cause respiratory
disorders, hormonal imbalance, abnormal
heartbeats, heart attacks, allergic
hypersensitivity, nervous system disorders,
asthma attacks, and shortness of breath as
well. Polyvinyl chloride (PVC) pipes, shoe
soles, rexine, polystyrene  (thermocol)
disposable cups, plastic spoons, and
halogenated additives upon combustion
generate persistent organic contaminants
known as furans, dioxins and polychlorinated
biphenyls, which are then released into the
environment. Dioxins and furans from
unsegregated waste smoke settle on crops and
end up in our food. The burning of
polyethylene (PE), polyurethane (PU), and
polystyrene  (PS)  releases  poisonous
compounds that may cause immune disorders,
lung ailments such as lung ulceration and
irritation which cut oxygen supply to the heart.
Styrene gas in excess can cause death. The
vapour can cause irreparable damage to eyes
and mucous membranes. These are the reasons
for witnessing a spike in cases of certain
cancers, heart disease and several other serious
health disorders [38 - 45].

Energy recovery is extremely resource-
efficient solution rather than landfilling or
enforced recycling for the plastic wastes.
Incineration with energy recovery is the one of
various  waste-to-energy  state-of-the-art
technologies. All polymers are long-chain
carbon-containing compounds having a high
heat content and therefore a high calorific
value. The energy content can be recovered
upon combustion of waste materials/scrap
plastics at 900 - 1100 °C. It is the utmost
convenient and effective means to minimise
the volume of solid waste. The hydrocarbon
constituents of the combustible residue mix
with oxygen to produce carbon dioxide, water
and inert residue with oxides of metals and
minerals during incineration. When plastics
are incinerated, they generate hydrochloric
acid along with carbon dioxide and water. A
certain amount of HCI is neutralized by basic
nature of inert ash. Corrosion due to HCI can
be reduced by adding lime to refuse. Dioxins,
furans and poly aromatic hydrocarbons

(PAHS) are also produced at 300 °C. Polymers
can be completely combusted or chemically
degraded at 700 - 900 °C. Since plastics are
made from petroleum, coal, and natural gas,
they have a higher stored energy value than
any other material generally found in the waste
stream. The key aspect of this process is only
to destroy the waste and keep it out of
landfills. This technology converts the
chemical energy into thermal energy. The heat
released from incineration can be used to
produce steam to run a turbine and generate
electricity.

A few plastic resins which can be converted
into various useful recyclable forms are
tabulated in Table 2.

Biodegradation

All plastics can be disintegrated naturally but
they may take decades or even centuries for
biodegradation. Biodegradation is the natural
process in which biodegradable plastics can be
decomposed into carbon dioxide, water and
biomass by the action of living micro-
organisms. They require a humid environment
with an enormous supply of oxygen, aerobic
micro-organism, pH and temperature for the
break down. They can also take up several
months or even years while decomposing in
landfills in absence of any necessary
requirement as insufficient supply of oxygen.
The biodegradability of a plastic is directly
linked with the chemical properties of the
polymer and does not depend upon the
feedstock source. Biodegradable plastics can
be either petroleum-based or bio-based.
Biodegradable plastic is often used in
packaging of organic fruits, vegetables and
groceries in supermarkets. The logo of a
sprouting leaf on biodegradable plastic
materials defines that the material must
deteriorate completely within 7 weeks in an
industrial composting unit at 65 °C. These
plastics have the potential to resolve the
ambiguity of waste management, particularly
for disposable packaging that cannot be easily
segregated from organic waste [46 - 48].
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Table 2. Recycling of plastics with SPI codes into various useful recyclable forms

HDPE T

Plastic resin Uses Identification code Recyclable forms
p Textiles, pillow fillings, carpets, life-saver
{‘f"" jackets, storage jars and containers, boat
Poly ethylene Water and juice bottles, biscuit & - sails, clothing, automobile parts, shoes,
terephthalate travs ' ~a 9 sleeping bags, luggage, winter jackets and
(PET) Y /3¢ R FeT ] coats, polar fleece, fibres, tote bag,
é_ . " furniture, straps, bottles and food
- containers.
' » Plastic crates, lumber, fencing, laundry
High density Ice cream tubs, milk bottles and I|qu|gn(ietgcge(?ltir:Jotggis{a(i)rzle(rzsanfslggrdtﬁggtles,
polyethylene jugs, shampoo and cleaning agent pens, recyciing ' '
(HDPE) bottles, freezer bags i— drainage pipes, benches, pet houses,
' ' . W= foldable and portable tables, shampoo

bottles.

Polyvinyl chloride

Pipes, cooking oil bottles,
teethers, toys, computer cables,

Flooring, mobile home skirting, decks,
panelling, mud flaps, roadway gutters,

egg cartons.

(PVC) plas_tlc pipes, plumbing materials, cables, speed breaker bumps, mats.
window frames, garden hoses.
Shrink wraps, clothing, furniture
Low-density bags, trays, dry cleaner garment Garbage cans, lumber, trash cans and can
polyethylene bags, grocery wrappers, liners, composting bins, panelling, shipping
(LDPE) containers, food packaging film, envelopes, floor tiles.
squeezable bottles.
Potato chip bags, microwave Ice scrapers, rakes, battery cables, signal
Polypropylene utensils, packaging tape, pails, ice lights, battery cables, brushes, brooms, auto
(PP) cream and yogurt tubs, bottle caps battery casings, landscape borders, bicycle
straws and ropes. racks, trays.
Protective foam packaging for
Polystyrene (PS) / furniture and electronics, Insulation, license plate frames, light
Expanded . - .
disposable Styrofoam hot drink switches and plates, egg cartons, rulers,
polystyrene (EPS) / cutl | d P Kagi .
7 Styrofoam cups/ Cutlery, plates, cups an ‘0am packaging, carry-out containers.

Others (Bisphenol
A-BPA, PC-
Polycarbonate,

Polyacrylonitrile,
Bioplastic)

Lexan, Polyamide,

Water cooler bottles, sippy cups
baby bottles and car parts.

Plastic lumber used in outdoor railings,
decks, moulding, park benches, custom-
made products.

Biodegradable

Disposable materials, such as

Recyclable but not economically

helmet, golf clubs, chairs, tables,
containers, etc.

ABS

plastics pack?gmg, cu_tlery, cro_ckery and recyclable.
ood service containers.
Toys, musical instruments, TV
cabinets, mobile phones, A
Acrylonitrile calculators, plastic, automobile It can be recycled by using “forth flotation”
butadiene styrene bumpers and auto parts, aircraft 9 process. 99 % of ABS plastic can be
(ABS) and aerospace materials, luggage recovered using water streams from a
casings, protective items such as mixture of plastics.

Plastics with codes 1, 3, 6 and 7 designated by Society of the Plastics Industry (SPI) must be
avoided for any useful purposes as they release some harmful chemicals which may contaminate the
products and make them poisonous and carcinogenic.
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ALTERNATE VIABLE METHODS FOR
PLASTIC WASTE MANAGEMENT

The utilization of plastic materials is a
challenging issue for environmental safety. All
used up plastics become waste and require vast
amount of land areas for storing because many
tonnes of plastic waste cannot be entirely
recycled at once. Slow biodegradability and
gigantic quantities of plastic waste adversely
affect the environment. In lieu of plastic waste
management, a new approach to deal with the
plastic problem has been introduced in which
different types of plastic waste have been
fused in concrete to deter the direct interaction
of plastic materials with the environment
because concrete has a feasible service life. No
solid residues or ashes and toxic gases are
produced during the process [49]. The plastic
waste disposal in landfills is quite obnoxious
due to low biodegradability of few polymers,
law policies and several other reasonable
directives. The civil engineering department
has handled this problem in an appropriate
sustainable manner by using mammoth
amount of polyethylene terephthalate (PET)
wastes in concrete as a constituent providing
increase in durability, strength etc. [50, 51].
The fine fly ash emitted with flue gas has been
proven a very effective infill material, which,
combined with coarse grit or pebbles,
generates a composite material having better
load carrying capacity. It was also confirmed
that consumed plastic bottles having different
characteristics can act as a perfect compression
additive when used with suitable infill
materials [52]. Some studies have revealed the
properties and usage of bakelite as a building
material in paver blocks, bricks and solid
blocks with proper specifications. The
consumption of waste material in construction
industry is a challenging task. Integration of
plastic wastes in construction material gives a
cost effective and light weight sustainable
element which enhances the strength and
durability of the material. Waste bakelite was
used for fine and coarse aggregate in order to
reduce plastic disposal problems [53]. To fight
against the single-use plastic pollution, some
brands like Raw Pressery, a cold pressed juice
brand, are opting for sustainable innovative

measures to reduce the plastic waste
production. The wused plastic bottles are
washed, cut into pieces, melted, formed into
chips, extruded into yarn, woven into fabric
and then dyed. This whole process ends up
with the ocean friendly, wrinkle free t-shirts.
The company has set an example for other
companies to mitigate plastic pollution
through recycling or upcycling [54]. The
plastic waste usage in road construction came
into light by employing different effective and
viable methods to reconsume the plastic waste
particles in hard-plastic waste as a bitumen
modifier primarily for flexible pavements like
bitumen and bituminous concrete roads. It not
only improves the service life and pavement
performance but also saves bitumen usage in
road construction significantly. This process is
definitely eco-friendly. These developments
are of high social and ecological importance,
contributing to sustainable development. Two
processes i.e. wet process and dry process are
employed for combining the plastic in surface
layer of the road. This can be helpful in
managing waste plastic along with improving
road quality and making them reasonable too
[55 - 60]. Eastman’s innovated advanced
circular recycling technology that breaks down
polyester waste into monomers which cannot
be recycled by using current mechanical
methods, delivering a true circular solution.
Another carbon renewal technology was
introduced, which can recycle few of the most
complex plastic waste, including non-polyester
plastics and mixed plastics that cannot be
recycled  with  conventional  recycling
technologies. This technology uses plastic
wastes as feedstock and converts them into
molecular components. This process partly
oxidizes the waste plastic and, at a very high
efficiency, converts it into the basic building
blocks of certain Eastman products, including
advanced materials and fibers segment
products that serve in ophthalmics, durables,
packaging, textiles and nonwovens end-use
markets [61]. The waste plastic bags can be
used in a better way by designing the tiles with
lessened flammability, improved mechanical
strength and increased resistance against
strong acids, bases, and organic solvents. The
non-biodegradability and prolonged durability
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of waste plastic bags make its disposal
problematic. Plastic solid waste (PSW) serves
challenges and opportunities to the civilization
irrespective of technical escalations and
alertness.  Traditional and conventional
disposal methods have failed to cope up with
higher generation rates of plastic waste.
Simultaneously fly ash, a waste by-product
produced upon coal burning in thermal power
plants poses a serious risk on environmental
health. Waste plastic matrix reinforced with
fly ash (FA) and a flame retardant using twin
screw extruder are extruded and moulded into
composite tiles [62, 63]. The plastic waste
upcycling into graphene, a value-added
product, involves a two-step pyrolysis process
i.e. initially at 400 °C in presence of nanoclay
followed by at 750 °C wunder nitrogen
atmosphere resulting in the formation of a
black charged residue. The synthesis of
graphene nano sheets can be investigated and
confirmed using TEM, FT-IR and EDX
Raman spectroscopy [64 - 69].

One economical and novel method has been
anticipated for synthesis of valuable
silicon/carbon nanofibers/carbon (Si/CNF/C)
composites for lithium-ion batteries using self-
prepared micron-sized silicon and reutilizing
high-density polyethylene (HDPE) waste as
raw materials. Pyrolyzed carbon and carbon
nanofibers obtained through pyrolysis act as a
carbon-conductive network and confine the
volumetric enlargement of Si during Li-ion
insertion/deinsertion processes [70]. It has
been a key challenge to develop commercially
favourable, bi-functional and highly active
catalyst for the application of alkaline fuel
cells. A composite fullerene iron oxide derived
from mineral water waste plastic bottles was
utilized as a promising electrocatalyst with bi-
functional activity for electrodes in an alkaline
fuel cell as a substitute of platinum [71].
Rubber and plastic waste can be used as
possible sources of refused derived fuel (RDF)
in cement industrial plants. Plastic waste
generates < 2 mass % ash content with high
calorific values (38.64 kJ/g) while rubber
waste shows 21.2 mass % ash contents, with
36 kJ/g calorific value. Reduction in setting
times, an enhancement in compressive strength

and acceleration of the hydration reactions can
be attributed to the pozzolanic properties of
RDF ash [72, 73]. Higher generation rates,
treatment and disposal of industrial wastes
have become a critical environmental problem.
Approx. 7.4 million tonnes of hazardous waste
annually are expelled from Indian industries
which are the major factors in building the
GDP and economy. Only 3.98 million tonnes
waste is recyclable out of the waste generated
for resource or energy recovery. The
Netherlands is the highest consumer of
hazardous waste (83 %) as raw material in
cement kilns and alternative fuel, while India
uses 1 % waste only, which opens up a new
horizon for the potential consumption of
hazardous waste in our country. Uncontrolled
waste management damages all three
dimensions of environment, posing health
risks to all the inhabitants of the planet.
Generally, in most cases, industrial waste
residues are disposed in landfills after
incineration. So hazardous wastes can be
consumed in the production of an alternative
for fossil fuels and/or raw material in some
industries [74]. Plastic lumber can be prepared
from commingled waste plastics along with
rubber powder as reinforcement and fly ash as
filler material by using washing and shredding
machine and two stage extruder-injection
moulding machine. Different constructive and
handy products, like chairs, tables, signposts,
pallets, fences, barricades, benches and other
outdoor furniture prepared from plastic lumber
are durable, strong and economical, and
diminishing the wood usage [75]. Large
population and incompetent waste
management increases the problems of some
developing countries, like India, China and
several other low and middle-income countries
which generate waste in bulk. Waste to energy
encompasses the interconversion of waste
materials to energy and can be possibly
achieved with less segregation and rinsing. It
can be a futuristic feasible global prospect for
plastic waste management [76, 77]. Recycled
macro plastic fibres (polypropylene) are
extensively used up in concrete to boost its
post-cracking performance and to inhibit
shrinkage cracks. It also phases out the
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requirement of steel mesh in concrete,
therefore reducing cost and labour time [78].

CONTROL MEASURES FOR PLASTIC
WASTE REDUCTION

e Effective measures for plastic waste
reduction.

e Minimize polymeric plastic waste
generation.

e Reduce, reuse and recycle.

e Ban on single use plastic.

e Usage of feasible alternatives for
plastics.

e Source segregation.

e Either use recyclable plastic materials
or the layer thickness should not be
less than 50 pm according to rules
formed by Ministry of Environment,
Forest and Climate Change.

e Educating individuals in order to
increase awareness and behavioural
change.

e Conversion of plastic waste to energy
or fuel on commercial scale for public
consumption.

CONCLUSION

It is quite essential for mankind to use the
natural resources responsibly and develop a
sensible and ethical attitude towards
environment for sustainable development of
the future generations. Improper handling and
inappropriate  methods of plastic waste
disposal are polluting the air, land, and water
and adding toxic substances. In this paper
various methods have been discussed for
managing plastic waste. Some methods like
open dumping, open burning, and landfilling
have been discarded by several countries and
are no longer considered as a viable green
method in the present scenario. Recycling of
plastics is one of the best suitable methods for
reducing environmental impacts and resource
depletion. Mechanical recycling turns the
plastic waste scraps into new plastic materials

by physical ways. The homogeneous waste
stream can be recycled only by employing this
method. For heterogeneous plastics, chemical
recycling is mandatory. This recycling
technique renovates the piles of plastic waste
into a novel feedstock that can be further
employed for different purposes needed so far
in the service of society. Conversion of any
kind of waste into useful energy is a highly
studied and explored dimension that can be
helpful in plastic waste management. Though
the safety concerns and health risks related
with their usage and large-scale production are
not fully assessed and managed, plastic
polymers possess a high calorific value due to
their chemical compositions, so they can be
combusted easily. Pyrolysis and gasification
both are useful for chemical conversions at
different temperatures. The main products of
pyrolysis (char, pyrolytic oil, syngas, biofuel)
find their application as alternative fuel
sources. Char can find its utility in a diverse
range of applications, such as soil
enhancement and remediation, wastewater
treatment, control of carbon emissions and
animal food production, while the liquid
product and syngas (synthetic gas) can be
valorised into various chemicals. These
methods have higher energy conversion
potential and lesser toxic emissions as
compared to open burning. However, these
techniques still need advancements and
developments in  order to achieve
commercialization. Further investigations are
still needed to use the feedstock recycling. It is
also expected to wuse different possible
combinations of plastic waste disposal routes
which can be explored as an effective,
economically viable and environment-friendly
solution for plastic waste management.

Furthermore, the aggregates of post-consumer
plastic waste can be effectively used to
substitute conventional aggregates as an
alternate viable method for plastic waste
management. When mixes in concrete it can
reduce the overall bulk density. Recycled
plastic materials can be used efficiently for
repairing and overlaying of damaged cement
concrete surfaces in floors, pavements, bridges
and dams. These are also useful in recast
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applications like utility elements such as
drainage components for acid wastes, sewer
pipes, underground vaults and junction boxes,
power line  transmission  poles, for
transportation median barriers, bridge panels
and railroad ties. Several efforts are also
contributing towards the fabrication of
materials resistant to marine environments by
using plastic wastes. These materials can be
environmentally superior and economically
competitive to conventional products. This
area needs much more attention and scientific
research for the development of innovative
methods to deal with the plastic waste piles.
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