
Vol.:(0123456789)1 3

Int J Environ Res (2023) 17:20 
https://doi.org/10.1007/s41742-023-00507-z

REVIEW ARTICLE

Plastic Waste: Challenges and Opportunities to Mitigate Pollution 
and Effective Management

Md. Golam Kibria1 · Nahid Imtiaz Masuk1 · Rafat Safayet1 · Huy Quoc Nguyen2 · Monjur Mourshed1,3 

Received: 25 October 2022 / Revised: 30 December 2022 / Accepted: 2 January 2023 / Published online: 20 January 2023 
© University of Tehran 2023

Abstract
The present world is now facing the challenge of proper management and resource recovery of the enormous amount of 
plastic waste. Lack of technical skills for managing hazardous waste, insufficient infrastructure development for recycling 
and recovery, and above all, lack of awareness of the rules and regulations are the key factors behind this massive pile of 
plastic waste. The severity of plastic pollution exerts an adverse effect on the environment and total ecosystem. In this 
study, a comprehensive analysis of plastic waste generation, as well as its effect on the human being and ecological system, 
is discussed in terms of source identification with respect to developed and developing countries. A detailed review of the 
existing waste to energy and product conversion strategies is presented in this study. Moreover, this study sheds light on 
sustainable waste management procedures and identifies the key challenges to adopting effective measures to minimise the 
negative impact of plastic waste.

Highlights

•	 A comprehensive analysis of global plastic waste generation and its effect on land and marine environment is 
conducted.

•	 Plastic waste management technologies for both land and marine environment are reviewed thoroughly.
•	 The modern technologies for waste-to-energy and waste-to-production conversion are discussed in this paper.
•	 The potential challenges and a way forward for sustainable management technologies are presented.
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Introduction

Plastic is one of the major inorganic solid waste fractions 
in our daily municipal solid waste (MSW) production. 
Ever-increasing population, rapid urbanization, and 
industrial advancement are some of the key driving factors 
for creating critical man-made problems that eventually 
threaten the existence of living beings on this earth. 
With the industrial scale adoption of synthetic polymer 
in the 1940s, a new era of materials and manufacturing 
technologies was unlocked. Plastic has been a ubiquitous 
commodity for more than 50 years in every aspect of 
our lives, covering households, construction, packaging, 
health care, automotive, etc. It is mainly a petroleum-
derived non-biodegradable with a unique polymeric 
structure that offers low specific weight, low thermal and 
electrical conductivity, and high durability (plastic bags-
20 years, plastic bottles-450 years, fishing line-600 years), 
excellent mechanical properties, reasonable pricing, etc. 
(Eagle et al. 2016; Wang et al. 2016; Landon-Lane 2018; 
Mazhandu et al. 2020a, b). Plastics are mainly of two 
types—thermosetting and thermoplastics. Thermosetting 
plastics or engineered polymers, like polyurethanes, 
phenolic resins, and acrylonitrile butadiene styrene, have 
a crosslinked structure that ensures high mechanical 
strength, thermal stability and resistance to corrosion. 
On the other hand, plastic materials like polyethene 
(PE), polypropylene (PP), polyvinylchloride (PVC), and 
polyethene terephthalate (PET) contain linear chains and 
flexible structures to offer an easy modification to any 
shape by applying heat (Mourshed et al. 2017; Horodytska 
et al. 2019).

However, pure plastics need additives (plasticisers, 
stabilisers) to attain certain desired properties as they have 
higher degradability with lower thermal, mechanical, and 
physical properties (Murphy 2001). This development 
of plastics not only eases human life in a convenient 
way but also generates a large volume of waste which is 
hazardous and poses threats to all living beings and to 
the environment. Plastics, in the form of bottles, bags, 
containers, cups, accessories, packaging materials, etc., 
make a significant portion (about 10–13%) of the total 
inorganic content in MSW (Moharir and Kumar 2019). 
At present, plastics, metals, glass, papers and many 
other organic and inorganic contents from MSW and 
megacities around the world are suffering badly to handle 
this increasing volume of MSW (2 billion tonnes (BT) 
per year) (Mourshed et al. 2017; Masud et al. 2019, 2022; 
Moharir and Kumar 2019; Mazhandu et al. 2020a, b). It 
is estimated that single used plastic products (polybags, 
food utensils, packaging materials, etc.) contribute about 
50% of that plastic waste and end up their journey in 

landfill sites or in the marine environment (Duru et al. 
2019). An extensive research focus should be given to the 
post-consumer of plastic products, even for thermoplastics 
(polypropylene, polyethene, high-density polyethene), to 
tackle the environmental challenges. As every individual 
polymer group has their identical physical and chemical 
composition, understanding the characteristics properties 
are essential to estimate about the recycling and energy 
recovery potential from these polymer groups. However, 
sustainable waste management planning, sharing technical 
know-how among developed and undeveloped countries, 
conducting campaigns to make aware mass people about 
the adverse effect of plastic pollution as well as their role 
as global citizen to minimise  this impact are the primary 
considerations to enjoy the full advantages of plastic.

This high amount of waste plastics consequently affects 
the ecosystem through soil pollution by landfilling, marine 
pollution by ocean dumping, and air pollution by open 
dumping (Mourshed et al. 2017, 2019; Paletta et al. 2019). 
Moreover, these problems will be added in a cumulative 
manner throughout the entire life cycle of plastic and 
threatens to ecological balance. In the first scenario, it 
is a complicated process (mainly for the undeveloped 
countries) to collect and sort plastic waste from other solid 
waste and arrange special recycling or dumping process. 
Secondly, due to lack of space or dumping sites, small 
and underdeveloped countries prefer incineration or open 
burring to reduce the mass and volume of plastics, and 
these processes emit a significant amount of greenhouse 
gas (GHG), COx, NOx, and different types of poisonous 
gases into the environment. However, open dumping has 
the same issue with spreading odour and infectious diseases. 
Thirdly, while dumping on the land, it turns soil infertile 
and contaminates groundwater; for sea dumping, marine 
life is heavily disturbed as plastic floating and sustains for 
hundreds of years. Lack of infrastructure, incorrect dumping 
techniques, inadequate legislation, and mismanagement 
are the key factors for this plastic pollution. it is estimated 
that about 80% of those wastes end at their disposal in land 
(Landon-Lane 2018; Paletta et al. 2019). Moreover, clogging 
of drainage system, flooding and natural disasters, infertility 
of soils, and contamination of water are the common results 
of improper plastic waste management systems (Carpenter 
and Wolverton 2017; Mourshed et al. 2017).

On the other hand, plastics are used accross almost every 
sectors (i.e., dometic, food packaging, industry, etc.) result-
ing in generating a great deal of plastic waste  that ulti-
mately affects the ecosystem. According to World Bank 
group report, plastics comprise about 5–12% of the world’s 
total waste generation (20–30% by weight) (Awasthi et al. 
2017; Kaza et al. 2018) and about 60% of plastics enter into 
environment as plastic waste (PW) (Zhang et al. 2021). From 
0.35 million tonne (MT) annual production in 1950 (8.4% 



Int J Environ Res (2023) 17:20	

1 3

Page 3 of 37  20

annual growth rate), PW generation reached more than 360 
MT in 2018 (Horodytska et al. 2019; Paletta et al. 2019; 
Ayeleru et al. 2020; Zhang et al. 2021). China holds the 
first position in producing plastic materials and accommo-
dates about 29.4% of the world’s total demand, followed by 
another two giant regions, Europe and North America, with 
18.5% and 17.7%, respectively (Horodytska et al. 2019). In 
Fig. 1, a global snapshot of plastic production and disposal 
techniques has been illustrated from 1980 to 2015. Geyer 
et al. reported that out of 381 Mt of plastic production in 
2015, only 19.5% got recycled, 25.5% treated in incineration 
plants, and about 55% left as discarded. Moreover, about 
80% of PW dumping ended up inland as a final destination 
(Landon-Lane 2018; Paletta et al. 2019) and clogging of a 
drainage system, flooding and natural disasters, infertility 
of soils, and contamination of water are the common causes 
of improper plastic waste management system (Carpenter 
and Wolverton 2017; Mourshed et al. 2017). It is interest-
ing to note that, although China is the largest plastic pro-
ducer, it consumes almost one-fourth compared to North 
America or Europe (PlasticsEurope 2016). In 2015, USA 
recycled 9%, waste to energy (WtE) conversion 15%, and 
disposed of 76% of their total 34.56 MT of PW (EPA 2015), 
whereas, in 2016, the first EU countries (including Norway 
and Switzerland) did higher recycling (31.1%) than landfill-
ing (27.3%) out of their total 27.1 Mt of PW (Horodytska 
et al. 2019). However, for poor and developing countries, 
it becomes challenging to arrange proper collection (as a 
significant portion of PW remains unattained and mixed 

with MSW) and transfer to landfill sites as they still have 
scarcity of living and agricultural land space (Ayeleru et al. 
2020). Though there are also limitations in proper waste 
data management systems in developing countries, it is esti-
mated that only Indonesia, India, Thailand, Malaysia, Iran, 
and Bangladesh from the Asian region produce around 1 Mt 
of PW (Dhokhikah et al. 2012), whereas only seven cities of 
India is responsible for generating 500 kT of PW every year 
(Kumar et al. 2017). Moreover, PW generation rate varies 
with income level as follows: high income (USD 12, 476 
or more): 13%, upper middle income (USD 4036 to USD 
12,475): 11%, lower-middle (USD 1026 to USD 4035): 11%, 
low income (USD 1,025 or less): 6.4% (Kaza et al. 2018). 
From the per capita PW generation pattern shown in Fig. 1, 
Europe, United States of America (USA), Canada is at the 
top in the ladder, and their level of income, the standard of 
living, lack of consumer awareness, etc. plays a key role for 
this case (Mourshed et al. 2017; Horodytska et al. 2019; 
Masud et al. 2019). This high amount of waste plastics con-
sequently affects the eco-system through soil pollution by 
land filling, marine pollution by ocean dumping, air pol-
lution by open dumping as they are not a part of our food 
chain (Mourshed et al. 2017; Paletta et al. 2019). Lack of 
infrastructure, improper and unplanned dumping, inadequate 
legislation and mismanagement are the key factors for this 
plastic pollution.

In line with plastic pollution inland, nowadays, marine 
pollution from PW is becoming a great concern for living 
beings, and it is estimated that about 60–80% of marine 
derbies contain plastic (Paletta et al. 2019; Peng et al. 2020a, 
b). However, plastic pollution in marine environment was 
firstly introduced in early 1970, and not that much large-
scale investigation has been covered for the past 40 years 
(Jambeck et al. 2015). About 80% of marine debris has its 
origin from land sources, while the discharge from ocean 
vessels (commercial, military, public transport) or ship 
casualties are also significant. Although most of the PW 
data and resources mainly cover land-based PW, however, 
by considering the population density, income level, and 
solid waste generation rate, Jambeck et al. calculated that 
only in 2010, about 4.8–12.7 Mt of total 275 MT of PW 
generation entered into ocean from 192 coastal countries 
while in 1975 the total solid waste portion was about 6.4 Mt 
(Jambeck et al. 2015). By the year 2050, it is estimated that 
cumulative plastic production will reach 34 Bt, and at pace 
with the current consumption rate, around 12 Bt of PW will 
find their final destination either in landfills or marine areas 
(Geyer et al. 2017a, b; Silva et al. 2020). Waste patches  in 
the Atlantic and Pacific reached approximate 100 Mt, and 
around 80% of that contains plastics (Sevigné-Itoiz et al. 
2015). According to United Nations Environment Program 
(UNEP), plastic pollution is one of the most emerging 
environmental problems in oceans and the estimated value 
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Fig. 1   A global snapshot of plastic generation, consumption and 
disposal (NAFTA-Canada, Mexico, United States region, CIS-Com-
monwealth of Independent States) (Jambeck et al. 2015; Geyer et al. 
2017a, b; Horodytska et al. 2019)
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for its annual damage is USD 13 billion (Peng et al. 2020a, 
b). It is estimated that between 2015 and 2017, the plastic 
accumulated in the ocean increases more than 33-times, 
alarming for taking actions for PW management (Peng et al. 
2020a, b), whereas their consequence on marine life can be 
articulated from the garbage patch in Pacific, North Atlantic, 
Indian oceans as well as at sea surface and seafloor of Arctic 
sea ice (Obbard et al. 2014; Peng et al. 2020a, b). Human 
activities, such as industrial dumping, leaching of chemicals 
(transported either by rainfall or  though rivers and canals), 
dumping of hazards solids from populated islands, and 
transportations (ships and fishing boats)  are causing serious 
hamful to the survivability of arctic ecosystem (Monteiro 
et  al. 2018; Varotsos and Krapivin 2018; Paletta et  al. 
2019). Weather conditions (temperature, humidity content, 
pressure, etc.) and long durability of plastic debris also 
form micro fragments of plastics or microplastics, which is 
extremely challenging to clean up from the ocean, and the 
condition gets worst when these microplastics accidentally 
get ingested by marine invertebrates (Goldstein and 
Goodwin 2013). Moreover, roughly 51 trillion microplastics 
from different plastic materials are floating in sea, which 
is consumed as sea food by marine animals and human 
being (also in the form of salt) (Mazhandu et al. 2020a, b). 
According to a statics in 2015, 35% of these microplastics 
have been contributed by synthetic textiles, followed by 
28% from car tires, 24% from city dust and the rest of the 
portion from road markings, marine coatings, personal 
care products, and plastic pellets, etc. (Statista 2015). In 
addition, toxic elements from pesticides or other chemicals 

like polybrominated diphenyl ethers (PBDEs) get absorbed 
in plastics and ingested by living species inland and marine 
life directly or indirectly (through food chain) (Mazhandu 
et al. 2020a, b). Recently, ocean ecosystems and terrestrial 
ecosystems are getting much affected by tons of plastic in 
beach areas thrown by visitors and inhabitants (Chiba et al. 
2018; Ng et al. 2018).

The outcome of this plastic pollution in both land and 
marine environment will become much more severe to total 
ecosystem due to unsustainable production, utilization or 
consumption pattern, disposal after utilization, collection 
and post-processing operations. Plastic waste mainly litters 
enter into environment due to the lack of proper collection 
(limited workers and supporting arrangements to proceed 
collection) or from mismanagement after collection (open 
burning, unwise dumping, poorly managed dumping sites). 
From the plastic production stage to processing and disposal, 
about 1781 Mt equivalent of CO2 was emitted into environ-
ment in 2015, and it is predicted to reach up to 6500 Mt by 
2050 (Mazhandu et al. 2020a, b). On the other hand, as the 
materials are not fully contained, leaking and transportation 
to the land and marine environment can also  happen by 
waterways (drains, canals, rivers), winds, etc. From Fig. 2, 
it can be seen that in the East and Asia Pacific region, mis-
managed rate of waste plastic is higher, and it is about 60%. 
Although the waste generation and collection rate depend on 
income level, developed and rich countries have better waste 
management technologies, dumping areasand waste collec-
tion facilities, which helps to minimise the mismanaged 
plastic volume, and North America had the lowest share 

Fig. 2   The scenario of global 
mismanaged plastics waste 
(Jambeck et al. 2015)
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(about 0.9%) in 2010. However, if we look at the country-
wise estimated mismanaged plastic share in 2025, it is also 
obvious that Asian countries are in the leading position, and 
China holds the first position by covering 25.79% of total 
global production, which is definitely alarming and urges for 
immediate action. According to the report of the Ministry 
of Environment, Forest and Climate Change of India, out of 
15,000 tons/day of plastics, only 9000 tons are collected and 
processed, whereas the rest 6000 tons are dumped in landfill 
sites or drained into the sea (Moharir and Kumar 2019).

Therefore, it is high time to tackle the mismanaged 
plastics rather than them being tangled in the environment 
and, at the same time, ensure possible waste to energy 
(WtE) and waste to products (WtP) conversion. Therefore, 
sustainable plastic waste management should be ensured by 
the simultaneous action of non-technical/non-instrumental 
and technical/instrumental approaches. Non-technical/non-
instrumental approach mainly comprises the increasing 
public awareness, strengthening existing laws by the 
government and facilitating ease of PW collection or 
developing collection rate and strategies. Whereas post-
collection treatments of PW  involves the conversion of 
PW into WtP and WtE by the evolvement of most modern 
technologies and involving all stakeholders in society (such 
as manufacturers, consumers, and waste collection staff) 
for the successful implementation of PW control plans and 
strategies. However, improving existing waste management 
skills and introducing modern techniques along with the 
implementation of sustainable and less production and 
consumption strategies are significant contributors to the 
minimisation of plastic waste generation as well as to meet 
the Sustainable Development Goals (SDGs)-2030 agenda 
set by UN (Varotsos and Cracknell 2020). Making these 
actions happen in reality needs the active participation of 
policymakers, all the stakeholders, including consumers, 
manufacturers, waste management workers (formal and 
informal) and above all, awareness among the mass people.

In this review, we provide an overview of the main 
sources of plastic waste generation and their impact on 
environmental pollution. A comprehensive analysis of 
global plastic waste generation and its effect on land and 
marine environment is discussed. Plastic waste management 
technologies for both land and marine environment are 
reviewed thoroughly. Also, the modern technologies for WtE 
and WtP is discussed in this paper. Later on, this current 
study sheds light on the potential challenges as well as gives 
some future directions for sustainable management of the 
overwhelming generation of plastic waste.

Sources of Plastic

Today modern life flourishes with plastic products and 
would be impossible without plastics. But the increasing 
growth in the number of plastics produced has led to an 
enormous plastic waste generation which has over-stripped 
society’s aptitude for managing it effectively. Global pro-
duction of fossil fuel-based plastic experienced an intense 
increase from 2 MT in 1950 to more than 454 MT in 2018 
(Lusher et al. 2017) and a global source-wise plastic waste 
generation snapshot is given in Fig. 3. About 9.7 billion 
tonnes (BT) of plastics were produced between 1950 to 
1980, and it is predicted that plastics production will be 
doubled by 2025 and tripled by 2050 (Lusher et al. 2017). 
It is estimated that around 343 MT of plastic waste is pro-
duced every year (Geyer 2020). The major waste primarily 
originated from 35 MT from North America, 45 MT from 
Europe and Central Asia, and 57 MT from East Asia and 
the Pacific region.

Household Wastes

Household waste, also known as residential waste, mainly 
contains disposable materials generated by households. 
Shopping bags, packaging from different food items, 
printed matters, nappies, vegetable garbage, animal 
garbage, etc., are the main household wastes. These wastes 
contain both hazardous and non-hazardous wastes. Food 
waste, paper, bottles, etc., are non-hazardous waste, and 
plastics, dry cells, and electronic and medical wastes 
(MW) are hazardous wastes. Hazardous waste contains 
toxic organic compound, high concentration heavy metals, 
and ozone-depleting compounds, which may be flammable 
or explosive and also requires special collecting and 
dumping process. Table 1 lists the main plastic stuff used 
in household activities and respective provisions to handle 
after consumption.

Industries

Plastic wastes arising from the massive manufacturing, 
processing, and packaging industries are called industrial 
plastic wastes. Industrial plastics come from demolition 
and construction companies, electrical and electronics 
industries, automotive industries, packaging industries, 
small and medium enterprises, etc. The good thing is plas-
tics from these sources are sufficiently clean and free of 
adulteration and available in large quantities. But still, they 
require proper guidelines and regulations for the dumping 
and recycling process to ensure maximum utilization with 
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minimum damage to environment. However, MSW is het-
erogeneous as they are a mixture of recyclable, degradable 
and hazardous materials. Repalletization and remoulding 
are easy and effective for treating homogenous plastic 
wastes instead of dumping or burning them with general 

MSW. When these plastics are heterogeneous with mixed 
resins, they are unsuitable for reclamation as the resins 
have individual processing temperatures and pressure. 
Table 2 illustrates the sources of industrial plastic waste.

Fig. 3   Sources of different types of plastic wastes (Gwada et al. 2019; Lanorte et al. 2017; Ding et al. 2021; Unicef 2021; Klemes et al. 2020)

Table 1   Household plastic wastes sources (Gwada et al. 2019)

LDPE low-density polyethene, PS polystyrene

Sources Type Comment

Salad dressing containers, processed meat packages, plastic soft drink and water bottles PET Recyclable
Milk bottles, shampoo bottles, detergent bottles, oil jerry cans, and toys HDPE Recyclable
Fruit plastic packing, sweet trays and blister packaging PVC Not Recyclable
Bread bags, frozen food bags, squeezable bottles, fibre, bottles, clothing, furniture, carpet, shrink‐

wraps and garment bags
LDPE Recyclable

Margarine and yoghurt containers, caps for containers, and wrapping to replace cellophane PP Recyclable
Egg cartons, fast food trays, and disposable plastic silverware PS Recyclable 

upto some 
extent

This includes an item which is made with a resin other than the
six listed above or a combination of different resins

Other Not recyclable
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Agriculture

Nowadays, plastics are inevitable in the agriculture sector. 
They are used for mulching, irrigation pipes, silage covering, 
crop protection, post-harvesting operations, packaging 
materials for seed and fertilizers, etc. A large amount of 
plastic is used for nets and coverings to protect crops from 
adversative weather conditions, insects, and animals. It is 
estimated that yearly consumption of agricultural plastics 
around the world is about 6.5 MT that results in a huge 
agricultural plastic waste (APW) (Lanorte et  al. 2017). 
On the other hand, the problem with overloaded pollution 
is an opportunity as they can be easily consolidated and 
processed. However, only a small portion of the agricultural 
plastic waste is recycled, but this varies widely from country 
to country and also depends on facility available at regional 
level. The majority of agricultural plastic waste is either 
buried in the soil or burned uncontrollably in the fields, or 
discarded infields and most of them ends up in the landfills 
or in nearby the rivers or canals (Islam et al. 2022). Table 3 
represents a source of plastic waste in agricultural sectors 
and their relative impact on waste management strategies.

Medical Wastes

A large quantity of medical plastic wastes (MPW) has been 
generated with modern medical advanced technologies and 
service coverage of health sectors. There is an urgent need 
for safer and cleaner disposal of MPW that includes plastics 
in the form of personal protection equipment (PPE), gloves, 
syringes, canula pipes, medicine coverings, etc. Only in 
2018, around 200 large and medium-sized cities in China 
generated about 817,000 tons of MPW (Ding et al. 2021). 
During the COVID-19 crisis in 2020, UNICEF shipped over 
200 million medical masks since January 2020, which is a 
huge source of MPW (Unicef 25 January 2021). However, 
the generation of MPW increased by 370% in Hubei 
Province, with a high proportion of plastics (Klemeš et al. 
2020). From 20 January to 31 March, the MW in China 
was about 207 kilo tonnes (Klemeš et al. 2020). A detailed 
listing of MPW sources and their composition and dumping 
conditions is presented in Table 4.

Various plastic-based personal protective equipment 
(PPE) played a key role in protecting the people during 
COVID-19 outbreak. Since the outbreak of the coronavirus, 
there seems to be an unprecedented upsurge in single use 
plastic (SUP) such as protective hospital suits, gloves, face 
masks, hand sanitizer bottles, plastic takeout bags, food and 
pharmaceutical product containers, reagent kits and so on 
(Silva et al. 2020; Benson et al. 2021). Thus, millions of 

SUPs related to the pandemic have been released into the 
environment, posing major environmental risks (Benson 
et al. 2021). If every person in the world used and discarded 
just one mask each day, only six nations—India, the United 
States, Brazil, Nigeria, and the United Kingdom—would 
produce at least 702, 386, 219, 140, 75, and 45 million 
facemasks made of polypropylene plastic each day. These 
facemasks could take more than 450 years to decompose 
and could release micro plastic as they break down (Benson 
et al. 2021). Thus, it is estimated that 22.4–53.6 tons of CO2 
gas emission takes place from facemask production, waste 
treatment plants and transportations of the above mentioned 
six countries  have been produced approximately 1.6 Mt 
facemasks in a daily basis (Graulich et al. 2021).

The situation regarding the use of corona-related plastics 
in Bangladesh is also a matter of headache. About 14,500 
tons of plastic waste (PW) were disposed of in a single 
month (March–April, 2020), according to data provided by 
ESDO, with 3076 tons of the total being disposed of by 
Dhaka City alone. A total of 5877 tons from 1216 million 
discarded hand gloves, of which 3039 tons are comprised of 
plastic, were the main source of PW. 1592 tons came from 
used medical masks, and 900 tons came from hand sani-
tizer bottles (Graulich et al. 2021). Aquatic environments are 
open to the ocean and around 1.56 billion facemasks landed 
into the ocean. Community scientists stated that the number 
of PPE that were discarded was around 107,212 pieces from 
waterway and beaches. Different facemask in the ocean, was 
seen in the nest of birds, some birds died falling a victim to 
this waste (Ammendolia et al. 2022). The number of medical 
masks used by USA escalated to 89 million in the COVID 
situation and UK used near about 24.37 billion masks per 
year. There is also a threat of carbon dioxide emission due 
to increasing plastic waste. The number of facemasks used 
by China and Japan per day is near around 14.8 million (Dey 
et al. 2023). Disposal face mask is alarming for the bio-
diversity, which can harm the digestive system and cause 
internal blockage. The micro particle that is released due 
to the use of masks escalated to 1246.62 items which urges 
thereby to take necessary some steps; such as, introducing  
bio-degradable masks, raising awareness for the reuse of 
facemask after decontamination, reclaimable masks to mini-
mise the spread of micro particles (Jiang et al. 2022). The 
use of a footprint calculator allowed researchers to examine 
temporal changes, shopper behaviours, and trends of plastic 
consumption. During the epidemic, there were restrictions 
against leaving the house that reduced single-use plastic. 
Bottle usage increased threefold, while food wrapper con-
sumption increased by twofold. The customer's decision to 
use plastics may be influenced by government-led guidelines 
(Winton et al. 2022). In Sri Lanka the waste management 



Int J Environ Res (2023) 17:20	

1 3

Page 9 of 37  20

Ta
bl

e 
3  

A
gr

ic
ul

tu
ra

l p
la

sti
c 

w
as

te
s

Se
ct

or
Pl

as
tic

 M
at

er
ia

l
A

pp
lic

at
io

n
C

om
m

en
t

A
gr

oc
he

m
ic

al
 p

ac
ka

gi
ng

H
D

PE
 w

ith
 a

 th
in

 in
te

rn
al

 
la

ye
r o

f a
 b

ar
rie

r fi
lm

 (e
.g

., 
po

ly
am

id
e)

A
gr

oc
he

m
ic

al
s, 

pa
rti

cu
la

rly
 th

e 
liq

ui
d 

on
es

, a
re

 p
ac

ka
ge

d 
in

 p
la

sti
c 

co
nt

ai
ne

rs
 to

 e
ns

ur
e 

pe
rm

ea
bi

lit
y

H
D

PE
 is

 th
e 

m
os

t a
cc

es
si

bl
e 

pl
as

tic
 p

ol
ym

er
 to

 re
cy

cl
e

Fe
rti

liz
er

 b
ag

s
LD

PE
, H

D
PE

, P
P

Fe
rti

liz
er

s—
or

ga
ni

c 
fe

rti
liz

er
s (

co
m

po
se

d 
of

 d
ec

ay
ed

 
pl

an
t/a

ni
m

al
 m

at
te

r)
 o

r i
no

rg
an

ic
 fe

rti
liz

er
s (

co
m

po
se

d 
of

 
si

m
pl

e 
ch

em
ic

al
s a

nd
 m

in
er

al
s)

 a
re

 p
ac

ka
ge

d 
in

 sp
ec

ia
l 

fe
rti

liz
er

 sa
ck

s

LD
PE

 is
 a

 re
cy

cl
ab

le
 m

at
er

ia
l. 

H
ow

ev
er

, j
us

t b
ec

au
se

 
so

m
et

hi
ng

 is
 re

cy
cl

ab
le

 d
oe

s n
ot

 e
ns

ur
e 

it 
w

ill
 b

e 
re

cy
cl

ed
. 

LD
PE

 h
as

 a
 p

ro
cl

iv
ity

 to
 ta

ng
le

 in
 re

cy
cl

in
g 

m
ac

hi
ne

s

Ir
rig

at
io

n 
pi

pe
s

H
D

PE
, P

E,
 P

V
C

us
ua

lly
 u

se
d 

to
 a

ss
ist

 in
 g

ro
w

in
g 

cr
op

s i
n 

dr
y 

ar
ea

s a
nd

 
du

rin
g 

pe
rio

ds
 o

f i
na

de
qu

at
e 

ra
in

fa
ll

D
rip

 ir
rig

at
io

n 
tu

bi
ng

 c
on

si
sts

 o
f h

os
es

 sp
ec

ifi
ca

lly
 

de
si

gn
ed

 to
 c

ar
ry

 a
nd

 d
rip

 w
at

er
 sl

ow
ly

 in
to

 th
e 

so
il 

ex
ac

tly
 a

t t
he

 p
la

nt
 ro

ot
 z

on
e,

 w
he

re
 it

 is
 n

ee
de

d

PV
C

 is
 n

ot
 re

cy
cl

ab
le

, a
nd

 P
E 

ca
n 

be
 re

cy
cl

ab
le

 a
nd

 re
us

ed

Pl
as

tic
 n

et
s

H
D

PE
Pe

rm
ea

bl
e 

co
ve

rs
 a

re
 e

xt
en

si
ve

ly
 u

se
d 

in
 c

er
ta

in
 ty

pe
s o

f 
cu

lti
va

tio
n,

 su
ch

 a
s f

ru
it-

tre
e 

fa
rm

in
g,

 a
nd

 fo
r h

ai
l, 

bi
rd

 
an

d 
in

se
ct

 p
ro

te
ct

io
n

M
or

eo
ve

r, 
ne

ts
 a

re
 u

se
d 

as
 in

se
ct

-p
ro

te
ct

in
g 

sc
re

en
s a

lo
ng

 
gr

ee
nh

ou
se

 v
en

til
at

io
n 

op
en

in
gs

 a
nd

 sh
ad

in
g 

sc
re

en
s 

ab
ov

e 
gr

ee
nh

ou
se

 ro
of

s

H
D

PE
 is

 th
e 

ea
si

es
t p

la
sti

c 
po

ly
m

er
 to

 re
cy

cl
e

Ph
ot

o-
 o

r t
he

rm
o-

de
gr

ad
ab

le
 fi

lm
s

PE
 fi

lm
s

PE
 fi

lm
s c

on
ta

in
in

g 
as

 a
dd

iti
ve

s s
pe

ci
al

 p
ro

-o
xi

da
nt

s a
re

 
co

m
m

er
ci

al
iz

ed
 a

s d
eg

ra
da

bl
e 

fo
r v

ar
io

us
 a

pp
lic

at
io

ns
 

(in
cl

ud
in

g 
de

gr
ad

ab
le

 m
ul

ch
in

g 
fil

m
s)

Th
es

e 
fil

m
s d

eg
ra

de
 in

to
 v

er
y 

sm
al

l f
ra

gm
en

ts
 u

nd
er

 so
la

r 
ra

di
at

io
n 

(U
V

) a
nd

/o
r h

ea
t

It 
is

 c
la

im
ed

 th
at

 th
e 

de
gr

ad
at

io
n 

fr
ag

m
en

ts
 (o

r a
 

po
rti

on
 o

f t
he

se
 fr

ag
m

en
ts

) c
an

 b
e 

as
si

m
ila

te
d 

by
 so

il 
m

ic
ro

or
ga

ni
sm

s

Th
e 

m
aj

or
ity

 o
f p

la
sti

c 
fil

m
s a

re
 m

ad
e 

of
 P

E 
re

si
n 

an
d 

ar
e 

re
ad

ily
 re

cy
cl

ab
le

 if
 th

e 
m

at
er

ia
l i

s c
le

an
 a

nd
 d

ry



	 Int J Environ Res (2023) 17:20

1 3

20  Page 10 of 37

Table 4   Medical plastic wastes (Guo et al. 2020)

Sources Plastic waste Plastic material Comment

Hospital Cafeteria Bag (clear/black) HDPE/PS Recyclable
Bag (white-trash) PS Not recyclable in normal collection
Bottles (drink) PET/HDPE PET and HDPE is the most recyclable plastic in the 

world
Bottles (milk/water) HDPE/PET HDPE and PET is the most recyclable plastic in the 

world
Bowl (soup/food) PS Not recyclable in normal collection
Bowl/cover (dessert/fruit) PET Recyclable
Bucket (ice/waste stream) HDPE Recyclable
Cover (food/bread) PS Not recyclable in normal collection
Cover (coffee/cold drink) PS Not recyclable in conventional procedure
Cup (hot/cold) PS Any black plastics are not recyclable
Dish (food/bread) PS Not recyclable in all conditions
Food carrier (colourless) PS Not recyclable in all conditions
Ketchup/sauce PET/LDPE PET is completely recyclable

LDPE has a tendency to tangle in recycle machine
Packaging (snack/food, spoon) PET/LDPE PET is the most recycled plastic in the world

LDPE has a tendency to tangle in recycling machines
Spoon/knife/pork PS Not recyclable in normal conditions
Straw (colour/colourless) PS Styrofoam products are made out of PS plastic and 

sometimes can be recycled
Tray PS Not recyclable in conventional procedure

Emergency room IV Bag PVC, HDPE, PP PVC is difficult to recycle, and sometimes it is not 
recyclable depending on waste composition

HDPE is recyclable PP is a recyclable
thermoplastic polymer

Medical PVC, PE, PS PVC is not always recyclable
PE is recyclable
PS is not recyclable in normal conditions

Film PS Not recyclable in normal condition
Patient kits PVC Not always recyclable

Need appropriate technology
Disposable gloves PVC, PP, PS PVC is not recyclable always

PP is recyclable
PS is not recyclable in conventional procedure

Sharps PP, PE Recyclable
Other plastics PET, HDPE, PS PET and HDPE are completely recyclable PS is not 

always recyclable
Hospital Laboratories IV bag PVC, HDPE, PP, ABS HDPE, PP and ABS are easily recyclable

PVC can be sometimes recyclable in appropriate 
condition

Blood bag PVC Recyclable in appropriate conditions
Sharps PE, PP Recyclable
Tubing PVC HDPE HDPE is completely recyclable

PVC is not always recyclable
Gloves/lab. ware PS, PVC, PP N/A
Medical/ packaging PE, PS, PVC N/A
Patient kits PVC N/A
Nursery items PP PE N/A
Other plastics (blood collection tubes) PVC PS N/A
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was not adequate to deal with the plastic waste before the 
start of pandemic. Due to COVID, the burning of plastic 
increases to avoid contamination. Burning the plastic in an 
improper way impacts the environment. Awareness program 
can be useful for the people of Sri-Lanka (Jayasinghe et al. 
2022). Pandemic has created a new plastic problem which 
has a huge impact on human health because of the chemical 
additives. The healthcare waste has increased up to 6 times 
and 30% of the beaches surveyed had PPE pollution. To 
solve the problem sufficient fund should be collected, and 
incentive should be taken to regulate the waste management 
policies (Rivas et al. 2022). There are some waste manage-
ment policies like collecting the waste separately and disin-
fecting it. The COVID waste should be stored for 24 hours; 
then it should be taken to the biomedical waste treatment 
plant (Chowdhury et al. 2022). However, some of the most 
common  wastes management conversion technologies those 
can be used for managing COVID wastes as well are  pyrol-
ysis, incineration, carbonization and gasification and the 
useful outputs can be listed as  solid fuel, liquid fuel, heat 
and electricity (Al-Omran et al. 2021). An innovative solu-
tion includes the disposal of nitrile gloves to enhance the 
mechanical properties that the clay possess which shows an  
increase in close porosity (Zhu et al. 2022).

As most of the PPEs are made with plastic polymers, 
they turn out to be a huge provider of micro plastics in 
agricultural soil and rivers and are suspected to harm 
ecosystem health. Moreover, in Bangladesh, the lack of 
well-developed waste management facilities indirectly gives 

access to those MW from the hospitals and residential areas 
to farmland. So, it is important to focus on MW management 
without delay; otherwise, crop-growing soil health will be 
damaged.

Effects of Plastic Wastes

Soil

After collecting from households, offices, business cen-
tres, and industries, plastics are usually transferred to some 
secondary transfer station where the necessary sorting has 
been carried out. After then, recycling or reuse of plastics is 
conducted depending on the available infrastructure arrange-
ment and technologies; otherwise, the PW are dumped in 
open space or landfill sites or burning in open space. Once 
plastics are integrated with the soil matrix, they can change 
the soil porosity and soil binding properties by affecting 
soil aggregation and water dynamics of soil. Plastic wastes, 
especially microplastics (MPs), can interact with multiple 
soil properties shown, as shown in Fig. 4. MPs contain toxic 
additives and hazardous contaminants such as polybromi-
nated diphenyl ether (PBDE), perfluorochemicals (PFOS), 
heavy metals like copper, zinc, lead, etc., and the high dis-
persion capabilities of MPs allowed them to mix up with 
soil and degrade soil fertility (Gaylor et al. 2013; Wang et al. 
2015; Brennecke et al. 2016; Hodson et al. 2017). Moreover, 
plastic also hinders the growth of earthworms and other use-
ful microorganisms, which consequently lead to the infertil-
ity of soil. The appearance of plastics as ecosystem stressors 
affects soil health and changes soil biophysical properties, 
which creates a complex variation in the environmental 
behaviour of other pollutants in soil (Alimi et al. 2018; 
Wang et al. 2018). Stimulation of soil enzymes can be hap-
pened by the addition of microplastics to soil.

Fig. 4   Influence of plastic wastes on soil as well as corresponding 
effects on plant growth and ion adsorption (Guo et  al. 2020) (with 
permission to reuse)

Fig. 5   Human exposure to microplastic through different routes (Guo 
et al. 2020) (with permission to reuse)
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Living Beings and Environments

While dumping plastic on open landfills, MPs get formed 
with the surrounding environmental factors (pressure, 
humidity, temperature, etc.) MPs can easily be passed 
and mixed with the environment (soil, water, storm) and 
get accumulated in human body by various exposures like 
consumption of food, dust inhalation, water contamination, 
etc. As MP's pollution in soil results in health and ecolog-
ical risk, it is became a serious concern and needs to be 
addressed properly. A demographic illustration is presented 
in Fig. 5 to illustrate the pathways of MPS to the human 
body.

Ingestion of MPs from dust is estimated at approximately 
3223 and 1063 particles for children and adults, respectively 
(Dehghani et  al. 2017). Also, many sea species ingest 
microplastics, such as crab, oyster, mussel, sea cucumber, 
etc., which are used as human food afterwards. MPs in these 
seafood damage not only the taste of the foods but also make 
it more toxic as all of these plastic merchandises contain 
compounds like formaldehyde, benzene, and dioxins. Some 
also contain some additives such as ultraviolet stabilisers 
and artificial pigments responsible for serious health issues 

like weight gain, endocrine disruption, insulin resistance, 
cancer, etc., which also pose serious health hazards for 
human beings (trash MAY 28, 2019).

Marine Environment

In addition to the existing 150 MT of plastic litter in marine 
environment, about 8 MT of plastic waste is added every 
year; however, UNEP predicts this rate of plastic entering 
into sea is close to 10–20 MT (Mazhandu et al. 2020a, b). 
This huge pile of plastic waste threatens marine life and 
consequently damage marine ecosystem. As microorganisms 
(like copepods and zooplanktons) in oceans take up 30% of 
CO2 from environment and help to mitigate GHG emission 
rate,  it is essential to ensure their survival in marine envi-
ronment (Cole and Galloway 2015). However, land-based 
sources are the considered as the major sources for marine 
pollution and according to a report, it is claimed that  the 
pollution is mainly caused by population living in coastal 
areas (within 50 km of coastline)  (Jambeck et al. 2015). 
Apart from land sources, rivers, tides and coastline sources 
are the main sources of plastic pollution in marine environ-
ment. Due to the buoyancy effect, plastics float on ocean 

Fig. 6   Global plastic input to the ocean
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surface, and wind waves force plastic to merge at the centre 
of oceanic gyres or oceanic basins. Thus, at the centre of the 
ocean, plastics’ pollution is higher, which is then distributed 
around the periphery (Eriksen et al. 2014). However, the 
presence of MPs, even at 75 MPs per millilitre and their 
ingestion of copepods cause not only the decrease in inges-
tion rate of CO2 by copepods but also affects their breed-
ing (by releasing smaller eggs with a very low chance of 
successful hatching) (Cole and Galloway 2015). Figure 6 
illustrates the pathways of plastic input from the river to 
ocean and the contribution from different continents in 2015 
(Eriksen et al. 2014; Lebreton et al. 2017). Rivers flowing 
through Asia have a major contribution to marine pollution 
than others as most of the rivers have their lifeline through 
Asian countries as well as the population also plays a vital 
role in this surge in marine pollution. Moreover, the coastal 
population in Northern Hemisphere has a major effect on the 
highest accumulation of plastics in oceanic gyres and basins 
in this region. Although the Southern oceans have less coast-
line population than Northern Hemisphere but have shown 
a similar order of magnitude of plastic pollution; thus, the 

inner movement of plastic wastes among the oceanic gyres 
and basins now becomes a serious concern (Eriksen et al. 
2014).

Overview

Plastic Entanglement  Plastic materials causing entangle-
ment of marine animals is now a global problem which has 
a bad impact on conserving marine wildlife. A large number 
of sea turtles, birds, and other mammals are killed every year 
after ingesting or entangled plastics. Pacific loggerhead and 
Hawaiian monk seals are among 700 species that eat plastic 
wastes (diversity). According to the recent convention on 
biological diversity report, fatal entanglement and ingestion 
of marine debris by these marine animals have increased 
by 40% in the past decade (index 22 Aug 2013). Table 5 is 
the collected incidence of entanglement for different spe-
cies, including seabirds, seals, and sea lions. The majority 
of entanglement materials are mainly plastics, such as fish-
ing materials (like ropes and nets), water bottles, polybags, 
etc. The most common plastic material found is from fish-

Table 5   Plastic entanglement by organisms

Location Species Study period Entangled material Entanglement rate References

South Georgia Antarctic Fur Seals 1988–1994 Polypropylene packing 
band (42%), synthetic 
string (21%), fishing net 
fragment (14%)

0.4% (Arnould and Croxall 
1995)

Cape Gantheaume, 
Kangaroo Island

New Zealand fur seals 1989–1991 
and 2000–
2002

Packing tape (30%), trawl 
netting (28%), lobster 
float rope (13%)

0.73% (Page et al. 2004)

Northwestern Hawaiian 
Islands

Hawaiian Monk Seal 1982–1998 Net, line, net and line 
combination, strap, ring

0.70% (Henderson 2001)

Southern Australia Australian fur seals 1997–2012 Plastic twine or rope 
(50%), other plastics 
(20%), monofilament line 
(17%)

N/A (Lawson et al. 2015)

Southeast Alaska and 
northern British 
Columbia

Steller sea lions 2000–2007 Packing bands 54%, rubber 
bands (30%), net (7%), 
rope (7%)

0.26% (Rodrigue 2017)

Seal Bay, Kangaroo Island Australian sea lions 1988–2002 Monofilament netting 
(55%), packing tape 
(11%), trawl netting 
(11%), other rope (14%)

0.83% (Page et al. 2004)

Spanish Iberia and 
Mauritania

Northern gannets 2007–2010 Fishing ropes (73.5%), nets 
(11.8%), nylon fishing 
lines (14.7%)

0.93% (Rodríguez et al. 2013)

Davis, California American crow 2012–2013 Synthetic twine, string and 
rope (77%), plastic strips 
(10%)

5.6% (Townsend and Barker 
2014)

United States Other Seals, sea lions, 
gull, fulmar and 
turtle

2001–2005 Fishing related (91.7%) 
such as fishing line, 
fishing hook, fishing 
string

N/A (Thompson et al. 2009)
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ing activities . It is approximated that > 6.4 tons of fishing 
gear are abandoned in the sea every year (Macfadyen et al. 
2009). These materials continue to entangle  with marine 
biota as most of them are  made from  lightweight, cheaper, 
and more durable synthetic materials. The entanglement of 
plastics for a specific species depends on its physical behav-
iour (Derraik 2002). Among the listed species in Table 5, 
the maximum entanglement rate is in the American crow 
in California, which is 5.6%. Marine plastics cause envi-
ronmental, aesthetic, cultural and many other problems that 
are challenging to address (O’Brine and Thompson 2010). 
In today’s world, ‘clean-up’ of those plastics by recycling 
then managed by authorities or following organizations has 
become a challenging phenomenon to a global extent (Ryan 
et al. 2009).

Effect on Marine organisms

Plastics enter the marine environment directly through 
ocean-related activities like fishing, aqua-farming as well 
as from commercial ships and ferries etc. (Kershaw et al. 
2011). In comparison to land-based plastics, marine plastics 
are difficult to control as they are randomly floating. It is 
estimated that 98% of these marine plastics come from 
land-based activities, while the rest 2% originate from 
ocean-based activities (Boucher and Friot 2017). Again, 
these plastics can be divided into two categories named 
‘Microplastics’ (MPs) and ‘Nano plastics’ (NPs). Micro 
and nano plastic wastes and toxic chemicals cause several 
problems like physical damage, sub-lethal effects, various 
molecular modulations, etc., and Table 6 gives a detailed 
listing of those occurrences.

According to the sources shown in Fig. 7 (Peng et al. 
2020a, b), MPs can be classified into primary and second-
ary sources (Li et al. 2016). Primary MPs are formed as 
derivatives from tearing, erosion, wastes from industrial 
processes, etc. Secondary MPs come from large litters in 
the environment by chemical, physical and biological forces 
(Peng et al. 2020a, b).

Scenario of Plastic Waste and Its 
Management

At a Glance

From 1950 to 2015, it is estimated that almost 6.30 BT of 
plastic waste was generated. However, only 9% was recy-
cled, while more than 80% accumulated in landfills or in the 
marine environment (Liang et al. 2021). The amount of plas-
tic materials consumed increased from about 2 MT to 320 
MT between 2011 and 2015 (Aryan et al. 2019). Moreover, 
for the last 20 years, global plastic production has doubled 
to ∼ 335 MT (Hermabessiere et al. 2017), and it is predicted 
to increase by ≥ 600 MT by 2030 (UNEP-WCMC 2018). 
Plastic visibility is increasing due to plastic accumulation 
and its harmful influence on the environment and human 
health. Plastic takes centuries to degrade (Kaza et al. 2018). 
But due to their versatile nature, plastics have become a part 
of lifestyle and are currently used in different applications 
(Dhawan et al. 2019). Associated with their disposal and 
production, plastic use has brought adverse environmental 
impacts (Kaza and Bhada-Tata 2018). Figure 8 shows the life 
cycle of plastic from manufacturer hand to consumers and 

Table 6   Toxic effects of plastic wastes on marine organisms

Affected organisms Sources of toxicity References

Grass shrimp (Palaemonetes pugio) Microplastic spheres, fragments and fibers (Gray et al. 2017)
Marine rotifer (Brachionus koreanus) Nanosized microbeads (Kang et al. 2019)
Dinoflagellate (Karenia mikimotoi)
Marine microalgae (Skeletonema costatum)

micro Polyvinyl chloride (mPVC) (Zhang et al. 2016; Zhao et al. 2019)

Marine copepod (Paracyclopina nana) Polystyrene nano and microbeads (Jeong et al. 2017)
Planktonic organisms (Daphnia magna)
Marine planktonic species (Dunaliella tertiolecta and 

Artemia franciscana)

Polystyrene nanoparticles (Bergami et al. 2017; Brun et al. 2017)

Marine diatom (Phaeodactylum tricornutum) Polystyrene nanoplastics (Sendra et al. 2019)
European sea bass larvae (Dicentrarchus labrax) Polyethylene microbeads (Mazurais et al. 2015)
Blue mussels (Mytilus edulis)
Antarctic Krill (Euphausia superba)

Polyethylene microplastics (Dawson et al. 2018; Green et al. 2019)

Marine polychaete worm (Sternaspis scutata, Magelona 
cincta) and Marine bivalve molluscs (Tellina sp.)

Blue mussel (Mytilus edulis)

Microplastics (Browne et al. 2007; Naidu et al. 2018)

Sea birds (Pelecanoides garnotii, Pelecanoides urinatrix, 
Phalacrocorax bougainvillii, Spheniscus humboldti 
Pelecanus thagus and Larus dominicanus)

Plastic litter (Thiel Lipids: Diversity et al. 2020)
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then to dumping or recycling steps. It can be seen that plastic 
and plastic portions are now the major portions in MSW and 
persist as a hazardous material. However, the percentage of 
plastic or single used plastic in MSW also indicates poor 
waste management and a lack of the application of rules 
and legislation.

The manufacture of plastic is also linked to fossil 
feedstock and petrochemistry. About 99% of the total 
feedstock for plastic manufacturing is fossil fuel-based, 
which accounts for almost 8–9% of global gas and oil 
consumption (Nielsen et al. 2020). As depicted in the life 
cycle for plastic products in Fig. 8, used plastic has been 
managed in two ways, either dumped or sent for recycling 
(waste to energy or waste to products conversation). In the 
case of recycling, there are several options like chemical 
recycling, mechanical recycling, energy recovery, etc. If the 
environmental, social and economic impact of producing a 
polymer is higher than that of mechanical recycling of the 
material in the end, it would be worthwhile to recycle the 
material instead of treating it as a waste (Simões et al. 2014). 
The most traditional method is mechanical recycling, where 
plastic debris is collected, washed, melted and transformed 
into raw material (waste to product). On the other hand, 
chemical recycling is the process in which polymeric waste 
is converted to produce substances that are used as raw 
materials for the build-up of new products or to convert them 
into energy (waste to energy). Energy recovery includes 
incineration, pyrolysis and gasification, etc. Table 7 gives an 

overview of the plastic recycling process used for different 
feedstocks and their respective outputs.

Figure 9a gives an idea of the volume of plastic waste 
generated per year. Among the listed countries, the highest 
municipal solid waste generated in Indonesia was almost 51 
MT and the underdeveloped countries are at the top of this 
list. On the other hand, plastic composition in the MSW for 
the selected countries is presented in Fig. 9b, where Palau 
is at the top (32% plastic composition). However, plastic 
composition in MSW also indicates the population, living 
standard, and waste management strategies of a country. 
Therefore, largely populated countries with a comparatively 
low standard of living have high plastic waste content in 
MSW (Mourshed et al. 2017).

Techniques Practised for Plastic Waste Management 
in the Land

Plastics are non-biodegradable and cannot be easily 
reimbursed for carbon cycle of environment. That is the 
reason behind to end of their life cycle on either land or 
sea (Luo et al. 2000). Several methods are used for the 
disposal of industrial and municipal wastes like incineration, 
landfilling, chemical recovery, etc. (Miskolczi et al. 2006). 
Suitable management of plastic wastes is one of the key 
issues of waste management. This management process 
impacts environmental and economic aspects (Delattre 
et al. 2001). In early 2000, the major amount of plastic waste 
was disposed of by landfilling (65–70%) and incineration 

Fig. 7   Micro plastics (MP) and 
nano plastics (NP) interact with 
other organisms and pollutants 
in marine life
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(20–25%), whereas recycling is only about 10%. However, 
this scenario varies from country to country, depending on 
the standard of living and population (Mourshed et al. 2017; 
Masud et al. 2019).

As shown in Fig. 10, before 1980, plastic incineration 
and reprocessing were tiny. Non-fibre plastics have been 
subjected to recycling efforts (Geyer et al. 2017a, b). The 

total waste produced was nearly 287 MT and increased with 
time. It is also predicted that in 2050 total waste will be 
nearly 24,712 MT (Geyer et al. 2017a, b). The recycling 
efforts were very less in previous years. Day by day, plastic 
recycling is getting many scopes after dumping.

Fig. 8   Life cycle of a plastic product (Mourshed et al. 2017) (with permission to reuse)
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Table 7   Technologies of different chemical recycling processes (Europe 20/1/2021)

Recycling process Feedstock Output Decontamina-
tion

Ability to treat 
mixed plastic

Maturity

Mechanical recycling PE, PET, PP, PS Plastic (made of 
one or more 
polymers)

No Yes Industrial scale

Solvent-based purification PVC, PS, polyolefins (PE, PP) Polymer Yes No Pilot stage
Chemical depolymerisation PET, PU, PA, PLA, PC, PHA, PEF Monomers Yes No Existing pilot 

plants for PET, 
PU, PA

Cracking (pyrolysis and gasification) Plastic mix Hydrocarbon mix Yes Yes Pilot stage
Thermal depolymerisation (pyrolysis) PMMA, PS Monomers Yes No Pilot stage

Fig. 9   Global plastic waste scenario from municipal solid waste (Country basis) (Bank 2021) (with permission to reuse)
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Landfilling

Plastics constitute a significant portion of MSW, and most 
of them have been imperilled to landfills without further 
treatment. Due to legislative pressures, lack of mainte-
nance and infrastructure, emission of GHG and poor bio-
degradability of commonly used polymers, etc. causing 
the disposal of the waste in landfills has become a serious 
threat to environment (Garforth et al. 2004). In light of 
this hazardous waste management, environmental protec-
tion agency has improved federal and state regulations 
for landfilling by normalizing the use of landfilling beds, 
groundwater testing and post care after landfilling. As 
plastic waste has a high volume to weight ratio, appropri-
ate landfilling space is a challenging issue. So, the other 

methods outlined in Fig. 11 can be preferred as an alterna-
tive waste management procedure to replace landfilling.

Energy Recovery by Incineration

Energy recovery from plastic wastes undergoes a process 
named ‘incineration’ by which energy is recaptured by 
non-degradable plastic wastes. This is because the octane 
number of some plastic materials is analogous with respect 
to some crude oil derivatives (Eriksson et al. 2009), and it 
is predicted that almost 50% of total plastic wastes will be 
cured by incineration by 2050 (Geyer et al. 2017a, b). It can 
be seen from Table 8 that calorific values of polyethene, 
polypropylene and polystyrene are almost close to gasoline, 
petroleum and kerosene. However, the main incineration 
products are water and carbon dioxide, which make it con-
ceivable to be used as a substitute for conventional fossil 
fuels (Thanh et al. 2011). Incineration equipment includes a 
program control system, detection system, cyclone separator, 
combustion chamber, air supply bump, cooling system, etc.

Fig. 10   Cumulative plastic waste generation and disposal (in million 
metric tons). Continuous lines indicating historical statistics from 
1950 to 2015; broken lines indicating forecasts of historic trends to 
2050 (Geyer et al. 2017a, b) (with permission to reuse)

Fig. 11   Different routes for 
plastic waste management

Table 8   Calorific values of popular plastic materials and conventional 
fuels (Al-Salem et al. 2010; Costiuc et al. 2015)

Plastic materials/fuels Calorific value

Polyethylene 43.3–47.7
Polystyrene 41.6–43.7
Polyethylene terephthalate 21.6–24.2
Polyurethane foam 31.6
Polypropylene 42.6–46.5
Polyvinyl chloride 18.0–19.0
Polyamide 31.4
Gasoline 46
Petroleum 42.3
Kerosene 46.5
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A typical fluidised bed reactor for the incineration pro-
cess is illustrated in Fig. 12. The energy recovery or incin-
eration process results in serious problems, including the 
production of toxic gases, GHG, and polycyclic aromatic 
hydrocarbons (Williamson et al. 2009; Antelava et al. 2019). 
However, to minimise the negative issues with incineration, 
advanced plastic combustion methodology for cleaner pro-
duction has attracted great interest among scientists and 
researchers. Shimizu et al. (2006) proposed that alumina 
can subdue toxic substances like CO and PAHs emission in 

the plastic combustion process in a small-scale fluidized bed. 
The same experiment in a semi-scale fluidized bed combus-
tor with nonporous and porous alumina bed materials was 
conducted by Qin et al. (2016). Moreover, Zia et al. (2007) 
included PW into MSW to enhance the calorific value of 
feedstock materials without uplifting the ash percentage dur-
ing incineration.

Though incineration of plastic wastes produces toxic 
and GHG gases, new technologies have been developed to 
assuage this discharge to keep it as minimum as possible. 
These technologies are in the developing stage but improving 
day by day. Moreover, a large amount of heat generation 
during this process (which is almost unused) can be utilized 
to attain economic value.

Mechanical Recycling

Mechanical recycling is the process of converting the used 
thermoplastics to form a new or similar type of product. 
This is a type of primary and secondary recycling process 
which starts with sorting out the thermoplastic to be used 
in the recycling process (La Mantia 2002). Homogenous 
waste thermoplastic is mainly converted into products with 
the nearly same original product. Figure 13 illustrates the 
mechanical recycling steps of plastic products. After assem-
bling natural gas, crude oil, salt, etc., from nature, these 
products pass to petrochemical companies in which polymer 
specialists make plastics after various stages of operation. 
After then, polymer colour, thickness, and size are custom-
ised and sent to distributed to the consumers. When the first 
life cycle ends, these products are treated as waste. Collect-
ing these waste products is the first step of mechanical recy-
cling. After sorting, these products go to the recyclers who 

Fig. 12   A lab-scale fluidised bed reactor for incineration of poly-
olefins with the equipment. 1—computer storing date of FTIR, tem-
perature and acoustic signals, 2—A/D convertor for thermocouple 
signals, 3—heated probe for sampling the flue gases, 4—exhaust fan, 
5—cyclone, 6—ash trap for coarser particles, 7—freeboard space, 
8—radiation shield, 9—heating sleeve, 10—thermocouples, 11—air 
supply valve, 12—plenum chambers, 13 e Ni–Cr perforated plate 
(Żukowski and Berkowicz 2019) (with permission to reuse)

Fig. 13   Mechanical recycling 
loop of plastic products
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try to recycle these products and form into the same or some 
different products. After this, it again passes to the consum-
ers and this loop is going on. However, the recycling opera-
tion is not cost-effective as it needs a high amount of energy 
to reform, technology for sorting, cleaning, transportation 
and processing, and the subsequent costings to carryout all 
these steps in an environmental friendly manner Still, at first 
sight, mechanical recycling of plastic wastes appears to be 
one of the ‘green’ operations (La Mantia 2002).

Biological Recycling

To meet the demand for organic recovery, biodegradable 
plastics have been studied extensively. To handle the future 
demand, biological infrastructure must be established 
with proper technical know-how. Moreover, recycling 
biopolymers can be made possible by aerobic composting, 
aerobic bacteria, fungi, etc., which consume polymers 
for energy and reproduction. In addition, in biological 

recycling, organic carbon materials are also converted 
into biomass which possesses energy potential and saves 
environment. If degradable plastics face any obstacle 
in this process, they are sorted to be treated as non-
degradable portions.

Thermal Recycling or Incineration

Generally, composite material which contains carbon fibre 
and polymer matrix is exposed to high temperatures during 
thermal recycling (Verma et al. 2018). This high tempera-
ture usually lies between 450 and 700 °C depending on 
the resin property (Verma et al. 2018). It can be seen in 
Fig. 14 that almost 54% of plastic recycling is carried out 
by thermal recycling (Tominaga et al. 2015). Although the 
operation cost (cost of energy, labour) in thermal recycling 
is high but the easy refabrication process and utilisation of 
mixed plastics as feedstock materials makes thermal recy-
cling much more popular than other recycling operations.

Chemical Recycling

Though plastic is a generic term, the polymers used to 
make different types of plastics also possess different 
production criteria. Moreover, every polymer has 
different melting temperature that makes it unfeasible 
for different polymers to be recycled at the same melting 
or recycling temperature. Therefore, recycling entails 
sorting by polymer types as well as the products that 
will be formed next. The limitation of separating the 
additives and non-intentionally added substances in 
plastic makes chemical recycling a far better approach 
than mechanical recycling (Europe and challenges 2019). 

Thermal recycliing
54%

Chemical recycling
4%

Material recycling
22%

Untreated
20%

Fig. 14   Plastic recycling uses (Simões et al. 2014)

Fig. 15   Diagram of different 
chemical recycling process 
(Europe and challenges 2019) 
(with permission to reuse)
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Chemical recycling follows the principle of sustainable 
development as it also emphasises energy recovery 
(Ragaert et  al. 2017). The chemical recycling process 
can also handle mixed and contaminated polymers as 
they reform the degraded polymer structure according to 
the applications and properties entitled for final products 
Fig.  15 gives an overview of the chemical recycling 
process where this process can be divided into three main 
categories depending upon the following decomposition 
characteristics that plastics will subject to:

•	 Solvent-based purification crumbles plastic wastes back 
into polymer.

•	 Chemical depolymerisation makes plastic wastes back to 
their monomers via a chemical reaction.

•	 Thermal depolymerisation (gasification and pyrolysis) 
is almost nearby chemical recycling. Polymers are 
cracked back into the monomers and transferred into 
hydrocarbons.

Plastic Management in the Ocean Environment

Floating Marine Debris

A significant amount of plastic waste ends up their journey 
in marine environment and can be found to float on the sea 
surface under the action of wind and waves (Geyer et al. 
2017a, b). The floating debris does not remain in the same 
place on the sea all the time; waves and turbulence of the sea 
can break them down and send them far away from where 
the particles ascended (Kukulka et al. 2012; Poulain et al. 
2018). Large-scale open ocean transportation process is 
the most efficient way of transporting debris over a large 
distance, and this process has been operational since 1970 
(Elipot et al. 2016). Researchers also reviewed some of the 
other debris transportation processes such as mesoscale, 
sub mesoscale, strokes drift, internal tides, transport due 
to direct wind force, Langmuir circulation, ice formation 
melting and drift (Van Sebille et al. 2020). Sea cleaning boat 
service in the Balearic Island showed good performance in 
removing coastal floating marine debris as well as spatial 
thermal monitoring showed a heterogenic distribution 
of floating plastic waste (Compa et al. 2019). Research 
conducted in Japan used a new method, spectral angle 
mapper, which works effectively in cases where the size and 
area of marine debris are large enough (Aoyama 2018). The 
removal activity can be subdivided into two main categories, 
such as removal activity performed by trawling or removal, 
which are performed through a driving survey. Trawling nets 
are used on deep soft seafloor, and for rocky floors, scuba 
or snorkel drivers are employed (de Francesco et al. 2018).

In Fig. 16, a layout of the action needed to tackle the 
marine litter issues is presented. The main source of marine 

debris is mostly generated by port facilities or by marine ves-
sels (de Francesco et al. 2018). Many coastal cleanup pro-
grams are arranged to collect marine debris, but still, these 
are not enough (Iñiguez et al. 2016). The floating debris con-
tainment boom is a technology developed by Korea, which 
ensures that the river and water canal waste does not end up 
in the ocean (Cho 2005).

Floating Sea Bin

Surfers from Australia introduced a new approach to tackle 
the waste in the ocean, which is known as the sea bin (The 
Guardian 2016). Figure 17a, b shows an example of a sea 
bin. It is a cylindrical bin which is fitted into a floating pon-
toon. A filter along with a shore-based pump is fitted into it. 
The pump sucks water through the filter. A vortex helps the 
water to get into the filter; the water gets filtrated and goes 
back to the sea. The filter is cleaned manually every day. 
Floating platoons are resistant to all kinds of tides (The Sea-
bin Project 2015). The filter allows fish eggs to pass through. 
Newer designs are modified, which are not stationary and 
run-on electricity, which the marinas provide. Some bin runs 
on solar power. Large-scale debris can be extracted by the 
filter; more sophisticated filters can also be used. Seagrass 
is also a threat to the sea bin, as it can clog the sea bin. The 
Sea bin project is an important project; newer technology 
is being implemented for the improvement of sea bin (The 
Guardian 2016). Ocean Clean Up launched a pilot project 
to clean the Great Pacific Garbage patch in 2018, but before 
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abandoned lost or 
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Fig. 16   Conceptual modelling illustrates the main action needed to 
tackle the marine litter issue
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being officially used in 2021, it is opined that the system 
may offer boom entanglement and trapping of marine spe-
cies; and all of these ultimately affect marine ecosystem 
(Mazhandu et al. 2020a, b).

Ocean Clean Up Array

The ocean cleanup array is another simple and beautiful 
device, as shown in Fig. 17c. This machine uses the current 
of the ocean to clean debris and wastes. The chain is 
2-km-long and made up of floating barriers, where there is 
no net. All the wastes are gathered at a place which looks 

like a funnel. A boat picks up the waste gathered at the 
centre of the machine once a month. Boyan slat, who took 
the initiative of this project, stated that their objective is to 
collect 5000 kilos of plastic in the first month of operation, 
and this will help to dispose of half of the pacific garbage in 
five years. The main advantage of this system is that it does 
not require any energy to function (Gate 2018).

Interceptor to Remove Plastic Pollution from the Entry 
Point to the Ocean (Rivers)

‘Interceptors’, which is a scalable solution, helps to protect 
the plastic from entering the ocean from river. A 100 per 

Fig. 17   a Sea bin (Down 2018), b how sea bin works (Carpenter et al. 2017), c ocean clean up array by Boyan slat (Inhabitat 2014) and d inter-
ceptor for removing plastic pollution from river (Cleanup 2019) (with permission to reuse)
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cent solar power device can be implemented in the majority 
of the world’s polluted rivers. River waste flowing with the 
current is guided by the barrier towards the opening of the 
interceptors carrying the plastic onto the conveyor belt, as 
shown in Fig. 17d. The current of the river circulates the 
debris onto the conveyor belt, which collects the debris 
and delivers the waste to the shuttle. The shuttle delivers 
the debris across six dumpsters; sensor data controls the 
conveyor when they are filled. This machine can store 
up to 50 m3 of trash. When the interceptors get full, it 
automatically sends a message to the local operators to 
remove the barge (Cleanup 2019).

A Circular Economy Approach to Marine Plastic Pollution

Circular economy (CE) improves the efficacy and efficiency 
of existing marine plastic pollution policies. It rejects the 
linear “extract-make-use-throw” and provides restorative 
and regenerative “extract-make-use-recover and restore” 
(Foundation 2017). CE minimizes the material and energy 
flows through the system by the concept of eco-effectiveness 
and retains previously wasted materials as a resource.

The CE model consists of two cycles, technical and bio-
logical. In this biological cycle, through composting and 
anaerobic digestion, life processes are recovered. The techni-
cal cycle uses the strategies like reuse, repair, remanufacture, 
refurbishment, and recycling. It can be noticed in Fig. 18 
that industrial operationalization can be divided into three 
approaches; resource switch, which maximises the renew-
able and non-harmful inputs;  resource circularity, the reuse 
and recovery of the end-of-life material'; and resource recov-
ery that will ensure the efficient use of plastic.

Policies regarding the circular economy are notewor-
thy, as shown in Fig. 19, consisting of material input: Bans 
on non-degradable and non-recyclable plastic, laws and 

regulation encouraging bio-based material. Product design 
includes existing impact and packaging regulations. Manu-
facturing and service provision involves resource efficiency. 
Distribution and use involve a ban and a high amount of tax 
on degradable and non-reusable material and End of life 
material management policies regarding practice of circular 
vision through recycling targets.

New Technologies Used for Plastic Waste 
Management

Overview

Conventional treatments for non-biodegradable plastic 
waste, including incineration, dumping, landfill, etc., can-
not lead to sustainable plastic waste management pathways. 
Therefore, research works are going on, and many advanced 
techniques have been reported to reduce these huge piles of 
waste. As shown in Fig. 20, plastic disposal methods can 
be classified into two basic strategies. One is degradation, 
and the other is recycling (Brems et al. 2013). Recycling of 
plastic disposals can be further classified into various types 
according to the characteristics of plastics. The American 
Society for Testing Materials (ASTM) standard D5033-
(2000) classifies recycling into four categories including 
primary (ASTM 1), secondary (ASTM 2), tertiary (ASTM 
3) and quaternary (ASTM 4) recycling. Primary or physi-
cal recycling includes mechanical reprocessing of scrap 
materials, while secondary recycling includes mechanical 
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Fig. 19   Policies for fascinating circular plastics
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processing of used plastic plastics into products with fewer 
performance requirements. Primary and secondary recycling 
indicates mechanical reprocessing of used materials to turn 
into new products with little or no effects on physical prop-
erties. Tertiary recycling means the recovery of chemical 
intermediates in the form of gases, liquids and solids, and 
quaternary recovery indicates the recovery of energy content 
of plastics (Okan et al. 2019). Tertiary recycling indicates 
changing intermediate chemical forms, while quaternary 
involves energy recapture. ASTM 1 and ASTM 2 include 
extrusion, segregation, direct reuse and so on, while ASTM 
3 and ASTM 4 include gasification, hydrocracking, pyrolysis 
etc.

Resource Recovery

Tertiary and quaternary recycling includes recovery of 
energy (waste to energy or WtE) and resources or products 
(waste to products or WtP). Currently, resource recovery 
of plastic wastes is mainly focused on thermolysis of 
thermoplastics. In thermolysis, thermoplastics undergo a 
chain reaction to process low molecular weight compounds 
(Okan et  al. 2019). Again, thermolysis technology can 
be further classified into the following three methods:  
pyrolysis, hydrocracking and gasification. The mechanism 
of all these three technologies is used to transform large 
molecular long-chain polymer into gas, oil and char (WtE) 
at high temperature. Pyrolysis is done in an inert atmosphere 
and sometimes with catalysts. However, gasification is 

carried out at sub stoichiometric air for CO, H2, CO2 
fabrication, whereas hydrogenation is done in the presence 
of hydrogen (Zhang et al. 2020).

Pyrolysis

Pyrolysis mainly refers to the transformation of a big chain 
polymer to a smaller one by thermal degradation. In this 
process, the temperature range varies from 300 to 900 °C 
under an inert gas atmosphere (Chen et al. 2014). Various 
important products like liquid oil, gas, etc. (WtE) are 
produced by pyrolysis. However, pyrolysis is suitable for 
treating polymers like PE, PP, and PET, which are composed 
of hydrocarbons (Wong et al. 2015).

Plastic pyrolysis is a complex route which is mainly gov-
erned by multi-step reactions depending on the feedstocks 
used. A simple pyrolysis process is illustrated in Fig. 21a. 
Hirschler and Cullis (1981) offered the following four mech-
anisms of thermal polymer pyrolysis: (1) random chain scis-
sion, which is called fragmentation; (2) end chain scission, 
which is called depolymerisation; (3) cross-linking to form 
a chain network, and (4) elimination of side chain which is 
called chain- stripping. The decomposition route of plastic 
depends upon the chemical structure of a polymer.

Hydrocracking

Hydrocracking or hydrogenation is the process in which 
long-chain hydrocarbons are converted into small molecules 

Fig. 20   Currently used advanced methods for plastic waste management
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Fig. 21   a Schematic diagram of simple pyrolysis process (Gaurh and Pramanik 2018), b simple schematic diagram of hydrocracking (Munir 
et al. 2020) (with permission to reuse)
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such as kerosene and gasoline. It is done by the addition of 
hydrogen in the presence of catalysts under high pressure 
(Al-Salem et  al. 2017). A simple schematic diagram is 
given in Fig. 21b. With respect to pyrolysis, hydrocracking 
technology has several advantages. First, it can renovate 
plastic wastes into high-quality liquid fuels (Kasar et al. 
2020). It shows better selectivity for C6-C12 range of gasoline 
than pyrolysis (Munir et al. 2018). Again hydrocracking 
of plastic wastes can significantly reduce the heteroatom 
concentration and aromatic product yield in the products by 
improving the quality (Fuentes-Ordóñez et al. 2013).

Second, heat and mass transfer can be increased by 
hydrocracking. Pyrolysis has some drawbacks due to high 
viscosity and large size of polymer molecules at the output 
(Miranda et  al. 2013). But it is an important matter of 
concern that hydrogen used in hydrocracking is expensive 
compared with other fluidizing gases in the pyrolysis process 
like nitrogen. For example, the cost of nitrogen is less than 
$200 per tonne, while electrically produced hydrogen costs 
approximately $2800 per ton (Ragaert et al. 2017). Again, 
the hydrocracking process is held at high pressure, which 
requires high-cost equipment. Therefore, in terms of cost, 
hydrocracking is less popular than pyrolysis.

Gasification

Gasification is also a type of thermolysis technology which 
is a worthy competitor to the other two technologies, pyrol-
ysis and hydrocracking. Feeds are converted to syngas by 
gasification with light hydrocarbons like carbon dioxide, 
water, methane under high temperatures with the presence 
of oxygen (Brems et al. 2013; Krapivin et al. 2017). There 
are various gasification processes used in the industries, such 
as the Battelle technique, Texaco gasification, Akzo pro-
cess, etc. (Al-Salem et al. 2010). Among these, the Texaco 
gasification process is a commonly used technology, and a 

schematic diagram is shown in Fig. 22 (Ragaert et al. 2017). 
Texaco gasification process consists of two parts, including 
a liquefaction step and an entailed bed gasifier (Tukker et al. 
1999). Plastics are thermo cracked into several particles in 
the liquefaction step with some condensable and non-con-
densable gas fractions or a heavy synthetic oil. These non-
condensable gases are reused as fuel.

Condensed gases and resulting oil are injected into the 
gasifier. Gasification is held at a temperature between 1200 
and 15,000  °C with stream and oxygen. Then it passes 
through under a cleaning process including hydrogen 
fluoride and hydrogen chloride removal. After all these 
steps, dry and clean synthesis gas is generated, which 
consists of hydrogen and carbon mono oxide with smaller 
portions of carbon dioxide, water, methane and some inner 
gases (Tukker et al. 1999).

Chemolysis

Chemolysis is another resource recovery technology 
which is also defined as depolymerisation or solvolysis 
(Kumar et al. 2011; Ragaert et al. 2017). In this process, 
individual plastics are chemically depolymerized into 
monomers at approximately 80–280 °C (Payne et al. 2019). 
Unsaturated resins and polyesters like polyesters, polyethene 
terephthalate, polyamides, polycarbonate, polyurethane, 
etc., are mainly used as feedstock in hemolysis resource 
recovery technique (Panda et al. 2010; Dimitris and Achilias 
2014; Oliveux et al. 2015). In the chemolysis process, the 
recycling phenomenon is highly dependent on the type of 
plastic, resulting in difficulties in the recycling process of 
monomers from various plastic mixtures. For this reason, 
the procedure of the hemolysis process is comparatively 
narrow and is not considered the mainstream technology 
for plastic waste recycling. But some countries and reputed 
companies use this technique for various benefits due to 
its chemical reaction routes. Chemical reaction routes of 
hemolysis include glycolysis, methanolysis, hydrolysis and 
alcoholysis (Kumar et al. 2011).

Alcoholysis

If the plastic polymer is depolymerized in alcohol to convert 
it into monomers, then it is called alcoholysis (Pardal et al. 
2006). By alcoholysis, chemical degradation of polyurethane 
can be conducted. In this reaction, polyhydroxy alcohols 
and carbamate fragments are produced by transesterification 
reaction. But there is no carbon dioxide formed in output. 
By mixing different quantities of fresh polyhydroxy alcohols 
and isocyanates, converted monomers can be reprocessed 
from polyurethane (Zhang et al. 2020).

Fig. 22   Texaco gasification process diagram (with permission to 
reuse)
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Hydrolysis

Depolymerization of plastic polymers in an aqueous solution 
like alkaline, acidic or neutral is called hydrolysis (Raheem 
et al. 2019). Raw materials can be recovered by this process 
by conducting a reaction of water molecules at the linkage 
point (Kumar et al. 2011). The monomers produced after 
hydrolysis can be reused with raw and fresh materials for 
the same foam. Reusing the facility of monomer materials 
improves the economic benefits, including environmental 
pollution.

Methanolysis

Depolymerization in the presence of methanol is 
called methanolysis (Kim et  al. 2009). PET produces 
ethylene glycol monomers and dimethyl terephthalate by 
methanolysis. These are essential monomers to produce 
epoxy resins and synthetic resins type materials. The 
depolymerization happens at 270–300 °C temperature and 
an approximate pressure of 0.1–15 MPa (Genta et al. 2005).

Glycolysis

Depolymerization of polymers in the presence of glycol 
is called glycolysis and is a universal material recovery 
method (Kumar et al. 2011). It is a popular commercial 
PET recycling method. Well-known companies like DuPont, 
and Dow adopted glycolysis commercially (Ragaert et al. 
2017) for the material recovery of PET. Glycolysis is called 
Specialized oligomeric products like α,ω-dihydroxy can also 
be produced by glycolysis.

Physical Recycling

Physical recycling includes ASTM 1 and 2, which are 
called primary and secondary recycling. Due to relatively 
low recycling cost and simple mechanism primary recycling 
draws universal attention. Manufacturing a new PET 
bottle from a scrap PET bottle can be a good example of 
primary recycling like Coca-Cola and other PET bottles. 
By recovering of plastic wastes via mechanical means 
is called secondary or mechanical recycling. The new 
products created carry lower performance demand than 
the products generated from virgin plastics (Kumar et al. 
2011). Treatment of plastic wastes in secondary recycling 
includes a number of steps like size reduction by granulators, 
segregation, crumbles or shredders, cleaning, palletisation, 
drying and extrusion. The secondary recycling application 
scope is limited for some kinds of thermoplastics. The 
thermoplastics which do not possess high melt viscosities 
as well as are not temperature sensitive show physical 

recycling (Okan et  al. 2019). Major types of polymers 
which are recycled via mechanical recycling are PET and 
PE. Other types of polymers like PP, PS, PA, etc., are 
less than one per cent treated by mechanical or secondary 
recycling (MacArthur 2017). Though physical recycling is 
an economically beneficial as well as environment-friendly 
technique, due to the above-mentioned reasons and more, 
this recycling process is applied narrowly.

Marine Debris Treatment

Fuel Production from Marine Debris

The debris which is extracted from the sea has a high 
calorific value that makes it suitable to be used as 
fuel. Coastal debris can be treated easily as it contains 
combustible materials like PE, PP, nylon and wood. 
Applying seawater as a solvent in a mixture of plastic 
materials is used in hydrothermal carbonization process. 
The operating temperature lies between 330 and 380 °C for 
the nylon fishing net, from 405 to 430 °C for PE fishing net, 
from 395 to 420 °C for PP rope coastal debris and from 115 
to 115 °C for the wood (bamboo) coastal debris sample. 
Increasing the heating rate, the activation rate of global 
activation energy and the pre-exponential factors rose (Song 
et al. 2019). Hydrochar at 300 °C is found to be the most 
affected thermal material; however, it can be seen from the 
study that HTC treatment is effective above 250 °C (Iñiguez 
et al. 2019). However, hydrochar content has a proportional 
relation with temperature, whereas the number of inorganic 
anions reduced with temperature. The emission of gases 
also gets increases with temperature. The main organic 
compounds that are found in all cases are amides, alcohol 
and alkanes.

Marine Debris Recycling

The increasing number of marine plastics becomes difficult 
to manage; hence, subsequent recyclability of the plastic 
is necessary. Three following methods are generally used 
to conduct the recycling of marine debris: weathering 
method, characterization method and processing method. 
An artificial weathering method has been developed 
to investigate the recyclability of weathered and non-
weathered PET. This model was designed to cope with major 
environmental effects (sunlight, temperature, seawater). In 
the characterization method, some PET flakes and HDPE 
caps are weathered. The surface change of the products is 
measured using a microscopic process. In the processing 
method, the following five different manufacturing methods 
are tested: filament and sheet extrusion, injection moulding, 
3D printing and thermoforming. The test is conducted on 
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all types of PET material, weathered, non-weathered and 
original PET (Ronkay et al. 2021).

Incineration of Marine Debris

Energy recovery can be made in many ways from different 
types of feedstocks, and incineration is one of the processes 
to extract energy from waste. Using this process, heat and 
electricity can be produced from waste (Schneider et al. 
2018). Incineration helps not only to reduce waste volume 
but also helps to produce energy in the form of gas, fuel, 
heat, etc., from mixed and untreated marine waste. However, 
due to the high plastic content in marine debris, releasing 
toxic gases like dioxins, furans and polychlorinated 
biphenyls are common during the incineration of plastic 
waste (Iñiguez et al. 2016). Thermal treatment also causes 
the emission of hydrogen halides along with various types 
of other hydrogen compounds (Iñiguez et al. 2017). The 
presence of salt and some other minerals are a common 
problem in the incineration of marine debris, and all the 
plants cannot facilitate the cleaning system for the removal 
of salt; thus, the incineration process creates a lot of ashes 
in their output. South Korea has recently developed a new 
system that can process 100 kg/h of marine debris. This 
method uses slake limes for the removal of hydrochloric 
acid, activated carbon for the removal of dioxins and dust 
and back filter to remove heavy metal. The emission limit 
of the dioxins discharged in the atmosphere is also at a 
satisfactory level (Iñiguez et al. 2017).

Biodegradation of Marine Plastic

The biodegradation of plastic is a complex phenomenon. The 
initial biodegradation begins with the formation of microbial 
biofilm onto the plastic which is called plastisphere (Kirstein 
et al. 2019). This surface formation leads to the progress 
of bio deterioration. The exopolysaccharides secreted by 
microorganisms provide stronger biofilm adhesion to the 
plastic surface. The polymer is converted into a simpler 
form. Oligomers, dimers and monomers are the product of 
which the polymer is broken down. An enzyme destabilizes 
the carbon skeleton of polymers, promoting fragmentation 
(Degli-Innocenti 2014). Mineralization the final step of the 
biodegradation of plastic, where the final product is released. 
BioLogiQ, Inc., a bioplastic resin manufacturing company, 
developed a new plastic which is a natural renewably 
resourced plant-based resin. The plastic is certified 
to biodegrade in 28  days. When polybutylene adipate 
terephthalate is mixed with BioPolymer, the biodegradable 
plastic also degrades in ocean environments. Test results 
showed that bioplastic has a 97% biodegradation rate in 
ocean water within a one-year period (Kennedy 2018).

Strategies for Marine Plastic Waste Management

Current international policy for macro and microplastic 
contamination is a well-designed framework to minimize 
micro–macro plastic contamination from waterfront, 
beaches, oceans and marine environment (Sheavly and 
Register 2007). International convention for the prevention 
of pollution of ships (MARPOL) (Annex V pollution) 
gives the complete outline for international agreements 
and domestic legislation for marine vessels, and all the 
ships are encouraged to adopt these management practices 
and guidelines (Elgohary et  al. 2015). Ship-owners 
are encouraged to adopt the best UNEP collaborates 
with international organizations like the International 
Oceanographic Commission Mission of the United Nations 
Educational, Scientific, and Cultural Organization to develop 
guidelines and regulations for monitoring marine litter and 
pollution (Walker et al. 2006). The strategy follows the main 
goal of reducing the amount and impact of land-based litter, 
sea-based debris and accumulated marine debris on the 
shoreline. Non-governmental organizations (NGOs) also 
promote waste management education and mass awareness 
along with the monetarization of marine debris. The 
recommendation for the reduction of single use in light of 
plastic marine pollution includes: the effectiveness of bans 
on single used plastic is researched and evaluated so that the 
policies that are implemented will have a positive impact 
on the marine environment or not. Outreaching education is 
also in place to reduce the consumption of microbeads and 
plastic bags at the source (Kershaw et al. 2011). Launching 
take-back policies and incentives on returning to collect 
plastic bottles, cans, etc., in the sea areas can reduce plastic 
pollution from tourists. Moreover, installing more trash bins 
in tourist areas will be a step forward for the collection and 
minimization of random disposal of plastics in the marine 
environment.

Product Bans

The government should take necessary steps to ban two 
types of plastic products-microbeads and single used plastic 
carrier bags. Microbeads which are described as primary 
microplastic, policies regarding them should be strengthened 
due to their recent and inconsistent implementation. High 
taxes on plastic bags help to reduce the amount of plastic 
entering to waste stream as well as it will discourage people 
(both seller and buyer) (Ogunola et al. 2018). However, 
imposing these rules and legislations may cause economic 
disruption to many small and medium plastic production 
companies. But in the long run, it will help to design some 
suitable alternatives which are ecofriendly as well as keep 
running the small and medium enterprises. Therefore, 
detailed research should be conducted on the types of 
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plastic products that should be banned and also suitable 
alternatives should be launched. Moreover, these initiatives 
should be initiated by the government and non-government 
organizations to back up the financial and political issues.

Scope and Challenges to Plastic Waste 
Management

Overview

A theoretical model was presented by George et al. (2015), 
combining the ideas of circular economic activities by 
developing an economy model with the following two types 
of sources: a polluting input and a recyclable input. Also 
adopting continuous monitoring technologies to observe the 
geo-ecosystem of water reserviours by considering the sur-
rounding hydrological and socio-economic factors can be a 
great help to detect and control the possible contamination 
of water from different sources (Varotsos et al. 2020). Sev-
eral countries that tried to implement this circular economy 
include Netherlands (Brouwer et al. 2018), Austria (Van 
Eygen et al. 2018), United States (Martinho et al. 2017), 
Sweden (Singh and Cooper 2017) and Finland (Dahlbo et al. 
2018), etc. To settle plastic pollution to a minimum level, 
the world-leading organisations should promote a circular 
economy to ensure maximum utilisation of our recyclable 
inputs. Beyond these, first of all, conventional mindsets 
should be changed in using plastic products. In this case, 
educational institutions, media, and respective government 

authorities should come forward to raise public awareness 
as well as to set up a goal for the sustainable waste manage-
ment program. Figure 23 epitomizes the potential strategies 
to minimise pollution from plastic wastes as well as to set 
for a sustainable waste management policy. It includes with 
the behavioural changes, administration activeness, rules and 
regulations and overall awareness for plastic pollution. Thus, 
it is now important to rethink about the uses of plastics and 
find out some suitable alternatives to plastics in our daily 
lives.

Introducing Incentives

Financial rewards and incentives for the return of used plas-
tic commodities not only ease the collection process but also 
helps the sorting process for recycling and recovery. People 
generally do not show the intention to recycle because of the 
inconvenience of time and money. But if proper incentives 
can be placed upon take back policy of used plastics and 
time can be minimised by setting up frequent take back sta-
tions, then people may get much more interest in recycling. 
On the other hand, it is always difficult to manage people 
to dump their waste plastic in some fixed spots to ensure 
easy collection by the respective authorities. Thus, adding 
collection and recycling costs to the product can be a viable 
option aware people of the necessity of waste management 
as well as the protection of the environment. To mitigate the 
problems identified administration has to take the necessary 
steps to combine the policies. Figure 24 illustrates an over-
view of policies distinguished in behavioural, regulation, 

Fig. 23   Solutions to tackle the plastic waste problem (NRDC January 05, 2016, Revelator January 8, 2021, Earthday.org JANUARY 24, 2020, 
Geographic July 5, 2019)
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rights-based and price based (Alpizar et al. 2020). Govern-
ment should consider implementing these policies to obtain 
a considerable reduction in plastic waste as well as to estab-
lish a well-balanced waste management system.

Imposing Bans

The degradation of plastics is a complex process and takes 
a long to completely degraded (in some cases, more than 
50  years). On the other hand, an increasing amount of 
plastic products utilisation causes a surge in plastic waste 
generation. Therefore, banning the use of plastic products 
(single-used plastic products, bags, etc.) will help to reduce 
this adverse effect. As more plastics are produced by the 
producers and companies, the chance of plastic pollution is 

increasing. In a diverse range and scope, interventions for 
reducing plastic bags varied. Governments all over the world 
have set some strategies to ban the sale of bags depending 
on thickness, chemical properties, etc., as shown in Fig. 25 
and in Table 9.

Denmark and Germany firstly started to ban plastic bags 
in 1991 and 1994, and then North America, United Kingdom 
and Australia followed the footprint to impose a ban and 
partial ban (Xanthos and Walker 2017). After 2002, coun-
tries in Asia (Bangladesh), Africa and most of the European 
countries have introduced bans. Bangladesh in South Asia is 
the first country to ban thinner plastic bags (Today October 
3, 2019). In 2016, Morocco introduced a nationwide ban on 
plastics (Today October 3, 2019), and New Zealand prime 

Fig. 24   Problem-based selection tool to manage plastic waste

Table 9   Various steps by various countries (Laskar et al. 2019)

Country Policies

United States San Francisco bans the sale of any kind of plastic water bottle
California is the first state to ban plastic shopping bags
In 2015 a bill was passed to ban all cosmetics products that contain plastics microbeads

Ireland A bill was introduced in 2002 to charge 10 cents fee for plastic bags and 4 cents if it goes for the recycling program again
France It passed a law ‘Plastic Ban’ in 2016 to ban all plastic by 2020
Sweden It is the world's largest recycling nation. Less than 1% of Sweden's household waste goes to dumping yards. It recycles all most 

every waste
China It passed a Law in 2008, the consumer has to pay for the use of plastic bags, and within two years, usage of plastic bags dropped 

by 50%
India Union Government of India banned the use of plastic bags below 50 µm in 2016, amended under Plastic waste Management rules 

2016
Bangladesh In 2002 government of Bangladesh banned the use of thin plastic bags, and in 2020, single-use plastic was strictly banned in 

coastal areas, hotels, and motels by the High Court of Bangladesh
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minister Jacinda Ardern banned plastic bags in 2018 (Today 
October 3, 2019).

Reductions in sales have been observed in areas where 
bans are affected, especially in the case of plastic bags, 
with shoppers opting to buy in other regions or limiting 
their purchases to whatever can be accommodated by 
reusable bags. In addition, some plastics may be cheaper 
to manufacture compared to alternatives such as jute or 
paper bags, and this not only increases the production costs 
incurred by businesses but also makes the product more 
expensive for consumers. We have also seen that in some 
countries, waste management services for conventional 

plastics, which is the bare minimum required, are already 
lacking. Therefore, any benefits attributable to biodegradable 
plastics will not be realized if they are introduced 
prematurely. Capacitating waste management systems in 
low-and middle-income countries will promote growth in the 
biodegradable plastics industry (Mazhandu et al. 2020a, b).

Psychological Interventions

The first way to reduce plastic waste is by decreasing the 
quantity of buying plastic stuff. All the household plastic 
wastes, including non-recyclable bags and all those 

Fig. 25   Phase-out of lightweight plastic bags around the world (Xanthos and Walker 2017) (with permission to reuse)

Fig. 26   Six level pyramids to 
reduce plastic wastes
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unhealthy crisps, need to be reduced by lowering our 
buying behaviour. It is all about taking simple things like 
owning own bags and refusing plastic bags and kinds of 
stuff everywhere.

A six-level pyramid is shown in  Figure 26 to illustrate 
the relative importance of reduce, reuse, repair, recycle, 
recover and disposal in waste management strategy. From 
all these aspects, the most important level is reducing our 
own buying intentions of fancy plastic stuff. But it is not 
conceivable to ban plastic entirely because still a lot of 
small and medium chemical industries run this business 
and create job opportunities for millions of people around 
the world. Reuse is the best option for all those pieces of 
stuff. A lot of plastic stuff ends up in recycling- requiring 
energy to turn it into a new look, or it is dumped where 
it will probably be sitting for hundreds of years. At this 
level, our throwaway culture should be challenged and 
replaced by the idea that anything brought can be brand 
new. The kinds of stuff in which the potential energy can-
not be recovered should give to the administration. Moti-
vating the mitigating actions and behavioural changes 
is an alternative pathway. These psychological benefits 
in nature can also extend economic values far beyond. 
Gaining a better behavioural cost and aid will lead to 
stimulating plastic pollution extenuation and effective 
policymaking.

Conclusions

This review work mainly focuses on the identification of 
plastic waste generation sources and the severity of pollution 
in land and marine environment. Moreover, a comprehensive 
analysis is presented on the relative techniques to treat waste 
plastic as well as the challenges to attaining a sustainable 
plastic waste management policy. The adverse effect of 
plastic waste is now a global concern as it is linked with 
global warming and climate change by emitting toxic 
gases and contaminants to the environment. The increasing 
volume of plastic waste not only degrades soil fertility and 
contaminates groundwater but also heavily damages the 
surrounding ecosystems and marine environment. However, 
the conventional techniques of plastic management mainly 
involve open dumping or landfilling, burning, etc., and these 
processes ultimately cause environmental pollution rather 
than achieving sustainable waste management goals. In this 
work, traditional plastic waste management practised in 
land and marine environment is extensively reviewed, and 
their limitations to cope up with waste to energy conversion 
and recycling prospects are also illustrated. This work also 
sheds light on the in-depth analysis of new technologies to 
manage plastic waste and discussed the most environmental 
and economically friendly ways to manage plastic waste. 

Finally, this review work also sorts out the potential 
challenges and opportunities to manage plastic waste from 
diverse perspectives, including infrastructure development, 
introducing new alternatives to plastics, emphasising 3R 
and 4R waste management programs, strengthening the 
existing laws and regulations to control plastic pollution, 
and above all raising social awareness among every group 
in the society.
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