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Abstract

Plastic pollution has become a serious transboundary challenge to nature and human health, with estimation of reports pub-
lished — predicting a twofold increase in plastic waste by 2030. However, due to the COVID-19 pandemic, the excessive
use of single-use plastics (including face masks, gloves and personal protective equipment) would possibly exacerbate such
forecasts. The transition towards eco-friendly alternatives like bio-based plastics and new emerging sustainable technologies
would be vital to deal with future pandemics, even though the use or consumption of plastics has greatly enhanced our qual-
ity of life; it is however critical to move towards bioplastics. We cannot deny the fact that bioplastics have some challenges
and shortcomings, but still, it is an ideal option for opt. The circular economy is the need of the hour for waste management.
Along with all these practices, individual accountability, corporate intervention and government policy are also needed to
prevent us from moving from one crisis to the next. Only through cumulative efforts, we will be able to cope up with this
problem. This article collected scattered information and data about accumulation of plastic during COVID-19 worldwide.
Additionally, this paper illustrates the substitution of petroleum-based plastics with bio-based plastics. Different aspects are
discussed, ranging from advantages to challenges in the way of bioplastics.
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Introduction

Plastic is indispensable in almost each and every sector and
therefore cannot be underestimated, since it is used in elec-
tronics, health care, textile, construction, transportation,
etc. The utility of plastic is diverse because of its versatile
quality, durability, low cost, high strength, less resistance
to corrosion and other good mechanical properties (Silva
et al. 2020a). Especially, the health care sector has been
greatly changed by the advances made with plastics. With
the improvements, particularly surgical gloves, syringes,
insulin pens, inflatable splits, and masks for one-time use,
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the medical industry has become more cost-effective, sim-
pler, and safer (Anderson et al. 2021).

As we all know, since Dec. 2019, the population of the
world was tremendously affected by a pandemic that origi-
nated from a novel coronavirus (SARS-CoV-2) causing a
serious respiratory disease known as COVID-19 (WHO
2020b). Transmission of this syndrome is allied with high
contagiousness, i.e. direct personal contact or indirect con-
tact with contaminated surfaces, waste, oral transmission,
airborne/through the respiratory droplet, etc. (Dietz et al.
2020). Several precautionary steps have been adopted by
governments around the world to flatten the disease curve,
for instances, partial or total lockdown, limits on social inter-
actions, less movement of passengers, reduction in economic
activities, etc. (Tobas 2020). The use of personal protec-
tive equipment (PPE) has increased dramatically during this
widespread COVID-19 infection. Individuals are under pres-
sure to protect themselves by wearing gloves, masks, and
using sanitiser since this disease is unavoidable and highly
infectious (Kleme et al. 2020a). Moreover, frontline health-
care workers, medical professionals, and other medical staff
use a lot of plastic protective items (Manigandan et al. 2020).
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Public preference for disposable packaging has moved in the
direction of plastics over all other alternatives (Scaraboto
et al. 2019). Furthermore, national curfews and home-quar-
antine orders have caused a greater reliance on online food
and other essential grocery delivery, possibly contributing
to an increase in plastic packaging waste (Singh 2020; Staub
2020). As the world begins to recover from this pandemic,
we may recognise that our raised reliance on plastics at the
detriment of our environment has resulted in a new plastic
waste epidemic with which we have been grappling. This
massive use of petroleum-based plastics continues to accu-
mulate in our environment. We know that the nature of this
plastic is non-biodegradable; it creates a lot of problems for
our environment. So there is an urgent need to look for some
alternatives to deal with these petroleum-based plastics.

This paper illustrates, how urgency and chaos created by
COVID-19 have led to the tremendous use of petroleum-
based plastics. Various segments of health industry which
are responsible for generating plastic waste (particularly dur-
ing a pandemic) are discussed, like mask usage, PPE Kits,
diagnostic test, and vaccination. This also reviews the other
sectors primarily contributing to pilling up the plastic waste
such as packaging, behavioural changes among people, and
consumption habits due to fear of transmission. It also iden-
tifies the sustainable approaches to deal with this waste like
circular economy, use of bioplastics with particular focus on
PHA along with its diverse applications and challenges. The
article, in the end, sheds light on the possible mitigation and
solutions to overcome the shortcomings.

An overview of SARS-COVID-19

COVID-19 is regarded as the most serious health pandemic
of the twenty-first century, which has challenged the
entire humankind. It is a zoonotic disease disseminated
worldwide by a beta group of coronaviruses named severe
acute respiratory syndrome coronavirus 2 (SARS-COV-2)
(Mackenzie and Smith 2020). People are more susceptible to
viral infection due to exceptionally high rate of transmission.
Fever, cough, fatigue, muscle discomfort, dyspnoea,
pneumonia, and low leukocyte counts are all common
signs of COVID-19. Sore throat, diarrhoea, conjunctivitis,
headache, skin rashes, or discoloration of fingers or toes
are some of the less common symptoms (Li et al. 2020).
COVID-19 is more likely to affect elder people and those
with pre-existing medical conditions like diabetes, heart

problems, and severe asthma. Patients of COVID-19 having
chronic type-2 asthma face a significant risk, as the condition
and associated morbidities may worsen (Ghosh et al. 2021).
Literature suggested that the impact of COVID-19 has not
been only restricted to the respiratory system but it also
affects the CNS through neuronal transport (Nagu et al.
2021). Studies reveal that approximately 36.4% of COVID-19
patients develop neurological disorders (Wu et al. 2020). The
first incidence of viral encephalitis was reported on March
4, 2020, in Beijing Ditan Hospital, demonstrating the ability
of SARS-CoV-2 to enter the central nervous system (Xiang
et al. 2020a, b). The pandemic of the severe acute respiratory
syndrome coronavirus has prompted global effort to find
urgent treatment remedies to reduce the mankind damage
caused by COVID-19 (Negrut et al. 2021). As per WHO,
there have been 251,788,329 confirmed cases of COVID-19,
including 5,077,907 deaths (data updated on 12" November
2021). A total of 7,160,396,495 vaccine doses have been
administered.

Lockdown: an important step taken
by Governments

Lockdown, the main preventive measure to reduce the trans-
mission of COVID-19, was adopted by governments of dif-
ferent countries. As a coin always has two sides, similarly,
this practice put both positive and negative impacts paral-
lelly given in Table 1.

At first sight, the COVID-19 pandemic appears to be indi-
rectly contributing to the UN 2030 Sustainable Development
Goals (SDGs) through improving overall city health and
safety by reducing emissions of greenhouse gases (GHG),
air pollution, noise pollution (due to a reduction in transpor-
tation), land and wildlife disturbance, etc. However, con-
sequences were also there like increased use of single-use
plastics and ecological risk due to different disinfectants
(Silva et al. 2020b).

Impact of COVID-19 on plastic waste

The COVID-19 has significantly increased the amount of
plastic used regularly. It is critical to recognise that, fol-
lowing the emergence of the COVID-19 pandemic, we are
living in a new and unknown reality. With the temporary

Table 1 Both positive and

oo Positive impact of lockdown
negative impacts of lockdown

Negative impact of lockdown

e Improved outdoor air quality

e Reduction in noise pollution

e Reduction in emission of GHGs
e Decrease in deforestation

o Decreased indoor air quality

o Increased medical waste generation

e o Increased level of plastic

o Increased ecological risk to ecosystems due to use of disinfectants
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closing of shops and restaurants during lockdowns and gov-
ernment-imposed ‘stay-at-home’ orders, the current situa-
tion has changed our living standards and habits, causing
concern in our waste generation routines (Bengali 2020).
In addition, the face of transmission anxiety has modified
our behavioural habits, such as the widespread use of per-
sonal protective equipment (PPE), extensive demand for
plastic-packaged food or other groceries, and the usage of
disposable utensils, for both convenience and reassurance
(Tenenbaum 2020).

The health industry is one of the major contributors to
piling up plastic waste. Initially, the focus was mostly on the
management of the disease, but over the last few months,
everybody has taken and adopted preventive steps. The key
components to follow as a preventive measure are wear-
ing face masks and regular hand disinfection (Kleme et al.
2020Db). Plastic is used in the manufacture of both face masks
and hand sanitiser bottles. Polypropylene (PP), which is dif-
ficult to recycle, is a popular plastic used in face masks.

The World Health Organization suggested the mandatory
use of PPEs in the hospitals for safety and projected that the
world would need 89 million face masks, 76 million glove
pairs, and 1.6 million pairs of protective goggles in a month
to meet rising global demand (WHO 2020a). At the peak of
the pandemic, Wuhan (a city of China) alone has generated
approximately 240 tons of medical waste in a day, nearly 6
times more than before the outbreak (Singh et al. 2020). The
COVID-19 pandemic is causing an additional 309 tonnes
of healthcare waste every day in Manila, a 14-million-peo-
ple city (ADB 2020). The pandemic has prompted a rapid
increase in the production of much-needed PPEs or other
plastic items in the United States and other parts of the world
(Picheta, 2020). These development patterns appear to be
reversing the momentum of global policies to eliminate sin-
gle-use plastics that have been in place for years (Eriksen
et al. 2014). Face masks have been reported to be accumulat-
ing on Hong Kong beaches and nature trails (Reuters 2020).
The pandemic’s staggering economic costs are exacerbated
by the effects of single-use plastic items (Beaumont et al.
2019; Wright and Kelly 2017).

Plastic waste due to the extensive use of face mask

Because of the current pandemic, wearing a mask has
become a necessity for all human life. To combat the global
pandemic, different mask types available like N95, surgical,
and fabric or cloth masks are being used. According to a
study conducted by the World Health Organization (WHO),
approximately 89 million medical masks are needed in the
United States to deal with the COVID-19 outbreak, which
is expected to last for some time (Xiang et al. 2020a, b).
Furthermore, the plastic innovation hub estimates that the
mask’s annual domestic demand in the United Kingdom is

about 24.37 billion per year (Liebsch 2020). China has raised
its daily production of masks to 14.8 million as of Feb. 2020
(Fadare and Okoffo 2020). The use of masks is rapidly grow-
ing, which means more masks are being produced and more
energy is being consumed. According to a report, the man-
ufacture of a mask takes around 10-30 W of energy and
emits 59 g CO,-eq of greenhouse gas into the atmosphere
(Selvaranjan et al., 2021). Furthermore, the increasing use of
face masks contributes to medical waste and landfill as well.
Majority of these mask wastes have either polyethylene or
polypropylene, polyurethane, polystyrene, polyacrylonitrile,
and polycarbonate which add plastic waste or cause micro-
plastic pollution to the environment (Abbasi et al. 2020). In
European Unit (EU), during the first half of the pandemic,
the import of gloves and masks became more than doubled.
According to European Environment Agency (EEA), about
0.75 face masks per individual per day and around 170,000
additional tonnes of masks were imported only in the EU at
that time, which leads to huge emissions of greenhouse gases
and various types of pollutants (EEA 2021). This indicates
that the current pandemic is increasing pollution in the envi-
ronment and has a detrimental effect on human and animal
health. According to a study, surgical masks and N95 masks
contain 4.5 g and 9 g of polypropylene, respectively. Based
on mask wastes generated per week, the total max. and mini.
amount of polypropylene produced per week from various
countries is determined in Fig. 1. This demonstrates that the
COVID-19 pandemic would influence not only health and
the economy, but also the environment’s long-term viability.

Plastic waste due to diagnosis of COVID-19

This is how masks incredibly piling the plastic in our envi-
ronment. Furthermore, the diagnosis of the virus is also
using plastics. Whether a person is infected or not can only
be determined through the genome of the virus. Though anti-
gen—antibody test can also be done (Beeching et al. 2020).

Estimated Polypropylene from face mask wastes
/week

14000

12000

10000

8000

6000

4000

2000
37185
o P I

Sri Lanka India

2820
[ |

Amount of polypropylene
on/week

44220 565 1125()0
— = sis IR

8 38
Australia USA UK Singapore

B Min ® Max

Fig. 1 Estimation of the total amount of polypropylene from face
mask waste per week
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But gene identification is an accurate and most complex test
where genes of the virus are identified. Therefore, this pro-
cedure is currently used to confirm the COVID cases. For
this, a swab is required to get a sample either from the nose
or lungs which are immediately poured into a plastic tube
having chemical preservatives. Afterward, the taken sample
is extracted and analysed through RT-PCR. This technique
uses different supplies, the majority of which are single-
use plastics (Tang et al. 2020). A study evidenced that for
a single sample, the RT-PCR generates 37.27 g of plastic
residue. Until August 2020, all COVID-19 patients tested
with RT-PCR have produced 15,439.59 tonnes of plastic
residue around the world (Celis et al. 2021).

Vaccination drive leading generation of plastic
waste

Following the COVID-19 pandemic’s faster, vaccine devel-
opment paradigm and the global expansion of immunisation
programmes, a significant increase in the plastic residual
waste from vaccine containers is expected. The burden
would be borne disproportionately by developing countries,
which already have limited resources for waste management,
resulting in negative short- and long-term environmental and
financial consequences (Phadke et al. 2021). Governments
all around the world are scrambling to vaccinate as many
people as possible to keep the pandemic under control (Fast
Company 2021). First, there was the personal protective
equipment (PPE) kits, included masks, gowns, gloves, and
other items used by healthcare and frontline workers, as well
as diagnostic kits for testing. But now, there are thousands
upon thousands of syringes supplied for immunisation cam-
paigns. The use of syringes is rapidly increasing (The Print
2021). According to one estimate from Onsite Waste Tech-
nologies, an American company that specialises in medical
waste management, the needles from the number of vac-
cine doses needed to inoculate the entire US population are
roughly 66 crore that would be enough to wrap around the
Earth 1.8 times. To put things in perspective, India’s popu-
lation (including minors who are currently not eligible for
vaccination) exceeds that of the United States by about 100
million people. According to another estimate by the Asso-
ciation of Indian Medical Device Industry (AIMED), the
world would require 800 billion to 1,000 billion syringes to
vaccinate 60% of the population, which is the approximate
threshold for herd immunity. They predicted that inoculating
60% of India’s approximately 135 million people will require
at least 150 million syringes. The COVAX Facility aims to
deliver at least 1.8 billion doses of COVID-19 vaccine to 92
low- and middle-income countries by the end of year 2021.
All those single-use syringes and needles, if laid end-to-end,
could round the globe numerous times (The Print 2021).
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Other factors — including people behavioural
change thus lead to packaging waste

Plastic stagnation has been worsened not just by the medical
industry, but also by food packaging (Hahladakis et al. 2018).
After the government imposed a complete lockdown to slow
the spread of COVID-19, everyone’s everyday schedule was
disrupted and changed drastically as a result of being at home
for 24 h. This increased the number of online purchases,
which would not have been possible without packaging. In
this pandemic, an immense amount of plastic has surged in
the form of box covers (Anderson et al. 2021). Figure 2 shows
the plastic waste produced due to different activities during
a pandemic. COVID-19 has heightened public anxiety about
the disease’s ease of transmission. For the sake of protection,
people have become more conscientious about their hygiene
as well as the hygiene of their food and groceries. This
pandemic has totally changed people’s minds about their
health and their families, resulting in food and other essential
items being delivered in a tidy and safe manner. People have
switched to online purchases and single-use plastics as their
understanding of reusable plastic items, such as tea cups, food
plates, food containers, and packaging covers, has changed
due to their infectious conditions. Furthermore, social
distancing has driven people to buy processed goods and food
from their homes. Online shopping and takeout have resulted
in a large number of items being delivered to every home
(Anderson et al. 2021). Thailand produces approximately
6,300 tonnes of household waste per day as a result of social
distancing and isolation policies, including a 15% increase
in plastic waste, almost seven times more than before the
pandemic (Wipatayotin, 2020). For example, according to a
survey conducted by The Los Angeles Times in Singapore,
the island city, 5.7 state’s million residents discarded 1,470
tonnes of extra plastic waste from food delivery and takeout
packaging alone. According to report, due to COVID-19,
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Fig. 2 Plastic waste from diverse activities during pandemic
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online purchases for food and daily necessities increased by
92.5% and 44.5% in South Korea, respectively, and online
shopping rates increased by 12-57% in India, China, and Italy
(Anderson et al. 2021). What began as a health issue quickly
morphed into an economic, social, and, most importantly,
environmental threat. Therefore, corrective steps should
be taken until it is too late to mitigate this unwanted and
unavoidable global issue.

Adverse effects of plastics on human health
and the environment

Since most protective equipment is made of plastic, plastic
plays an important role in the battle against the COVID-
19 pandemic. However, certain properties of plastic, like
non-biodegradability, lower melting point, and limited ser-
vice life, are disadvantages that may have negative health,
environmental, and animal health consequences. Plastics are
mainly composed of crude oil and natural gas through the
process of addition and condensation polymerisation (Pan
et al. 2020), for example, reaction of organic diacids with
alcohols to form polyesters like polyethylene terephthalate
(PET). PET is formed by the condensation polymerisation of
terephthalic acid with ethylene glycol with the elimination of
water molecules. This mechanism is known as step growth
polymerisation, while polymers such as polypropylene and
polyethylene are formed by the simple linking of monomeric
units: propylene and ethylene respectively without the gen-
eration of any other products. This is known as chain growth
polymerisation (Saxon et al. 2020). Plastics used in area of
packaging intended for human convenience are hazardous as
they contain additives (the toxic compounds used to improve
properties of plastic, e.g. colorants, fillers, and plasticisers).
This poses a threat to the health of humans and as well as
animals (Khoo et al. 2021). Recent plastics research has
focused on human health and environmental issues, such
as the prevalence of endocrine-disrupting compounds in
plastics and the long-term contamination of the atmosphere
by plastic waste (North and Halden 2013). The majority of
plastic waste is non-biodegradable, with a lifespan ranging
from less than a year to more than 50 years (Potrykus et al.
2021). Furthermore, when plastic waste litter is exposed
to UV radiation, photo- and thermo-oxidative degradation
occurs, resulting in secondary microplastics or microbeads
with a size of 10-500 m (Andrady 2011). These have nega-
tive consequences for marine species like fish, prawns, and
crabs, which can accumulate ingested microplastic. Micro-
plastics contain a variety of hazardous chemicals, includ-
ing organic pollutants such as pesticides, flame retardants,
and PCBs additives, which bioaccumulate or be ingested by
humans (Li et al. 20164, b).

Different disposal approaches used
for plastic waste

Landfilling, incineration, recycling, and biodegradation
are four options for plastic disposal. According to the Ellen
McArthur Foundation, 16% of global plastic waste is man-
ually recycled, 25% is incinerated, and 40% is disposed of
in sanitary or non-sanitary landfills. The remaining 19%
of plastic is discarded in the atmosphere, clogging water,
and drainage systems. Every type of plastic is discarded in
landfills and incinerators, but the most important thing is
that it takes up the least amount of space possible, and the
energy and chemicals present in the plastic items are lost
as a result of the disposal method (Prata et al. 2020). Any
type of plastic, regardless of its type or impurity level, can
be burned using the incineration process (WHO 2020c).
Overall, this is the most appropriate method for disposing
of COVID infectious and infected plastic waste. Even the
World Health Organization has recommended incineration
for infectious plastic waste. However, during the incin-
eration, toxic gases are released, which can have negative
health and environmental consequences. Hazardous gases,
like dioxins and furans, are also emitted by the inefficient
and poorly managed incineration system. Recycling is the
third process. The majority of plastics can be recycled into
new products. Mechanical recycling has several limita-
tions, including polymer cross-contamination, inorganic
impurities, and the use of additives. Furthermore, in con-
trast to the recycling process, collecting and sorting plastic
waste is the most difficult aspect, whereas chemical recy-
cling is a critical opportunity to reduce terrestrial as well
as marine pollution. This also enables the implementation
of the circular economy. Pyrolysis and gasification are the
two main chemical processes because of their durability
and economics (Dogu et al. 2021). Single-stream plastics,
such as PET (polyethylene terephthalate), can be recy-
cled with fewer impurities, but multi-layered plastics and
single-use plastics, like film and foam, are more difficult
to recycle due to their poor integral structure, high pre-
processing costs, and technical limitations. Poly (methyl
methacrylate) (PMMA), also known as acrylic or plexi-
glass. Recycling of PMMA can be done by thermal or
non-catalytic method, which results in degradation and
yield mixture of different monomeric units (Moens et al.
2020). Thermal degradation normally changes the molecu-
lar weight of the polymer. PMMA waste contains vari-
ous additives and backbone which is commonly made up
of copolymer instead of homopolymer (which is present
in pure PMMA). There are different methods of degrada-
tion. For instance, the unrestricted depolymerisation of the
MMA copolymer is one of the options. This means that the
non-MMA monomer unit has no effect on the degradation
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mechanism, and therefore, chains unwind without diffi-
culty. This type of behaviour can be seen when the comon-
omer, which is likewise a methacrylate lacking an ester
group, decomposes during the thermal degradation process
(Moens et al. 2020). Another major issue is a shortage of
manpower. People are afraid to gather waste and be in the
process of COVID-19 plastic waste disposal due to the risk
of infection transmission during COVID. Because of this
practical challenge, this method of plastic disposal is inef-
fective and underutilised. The best approach is to manufac-
ture biodegradable plastic products, but since they take a
long time to degrade, the plastic accumulation increases.
The similarity in appearance of biodegradable and non-
biodegradable goods can often cause the process of sorting
out the plastic items to be delayed. Due to logistical chal-
lenges in recycling practises and the general public’s care-
lessness, there is an abundance of landfill and plastic float-
ing in the oceans. According to a survey conducted by a
Hong Kong-based NGO, 300 million tonnes of plastic are
manufactured worldwide each year. Eight million tonnes
of plastic waste were poured into the oceans as a result
of this. This ratio assumes that one truckload of plastic
waste is dumped into the sea every minute. This deafen-
ing endangers underwater biodiversity and devastates the
marine environment. Furthermore, dumped plastics are
toxic, and when eaten by sea animals, they damage them as
well as humans who eat poisonous fish and other sea crea-
tures. By 2025, the volume of plastic in the ocean would
be greater than the weight of the fish in it if the current
rate of dumping continues. Aside from that, the volume of
garbage in landfills has risen as a result of the pandemic.
Coronavirus plastic is expected to clog landfills and float
in the seas in 75% of cases. Since the environment and
human life are in danger, the government must expend a
significant amount of money, resulting in an unsustain-
able reduction in the budget allocated to other essential
public health programmes (Rhodes 2018). According
to the UN environmental programme, after COVID-19,
the cost of environmental corrective measures will hit 40
USD billion per year, which is lower than the previous
year (European Commission 2018). Plastic pollution has a
detrimental effect on fisheries, marine transportation, and
tourism. Because of the current unfavourable pandemic
situation, careful and proper management of plastic waste
is required.

Bioplastics
The growing threat of plastic waste as a result of the pan-

demic is an undeniable fact that necessitates mitigation strat-
egies. The word ‘bioplastic’ refers to a variety of materials:
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1. Plastics that are biobased but not biodegradable;

2. Plastics that are biodegradable but not biobased;

3. and the plastics that are both biodegradable and biobased
(Philp et al. 2013; Sinan 2020).

All these categories are depicted in Fig. 3.

The word ‘biodegradable plastic’ refers to a plastic that
is both bioderived and biodegradable in this article, while
‘bioplastic’ refers to any plastic made from biomass. The
ASTM D6400 (United States), EN13432 (Europe), and
ISO17088 (International) standards control biodegradability.
True biodegradable plastics, according to these guidelines,
degrade due to the natural activity of microbes like bacteria,
fungi, and algae. CO,, methane, water, and biomass should
be the end products, with no ecotoxic effects or residual
by-products. A comparison of petroleum-based plastics and
bioplastics is given in Table 2 (Naser et al. 2021). Bioplas-
tics have several advantages over petroleum-based plastics
due to biodegradability; however, the production cost is high
(Leal Filho et al. 2021).

The development of biodegradable plastics (BPs) made
from renewable feedstock is currently a hot topic. Renew-
able biomass or raw materials like cellulose, lignin, starch,
and bioethanol are commonly used to make BPs. Polylactic
acid (PLA), polyhydroxyalkanoate (PHA), polyhydroxybu-
tyrate (PHB), and polyhydroxybutyrate valerate (PHBV) are
the most popular biodegradable and commercially available
biopolymers in the market today. Biodegradation of BPs is
possible without any negative consequences (Haider et al.
2019).

Bioplastics and India

In India, the bioplastics industry is still in its infancy. In
India, only a few companies are involved in the bioplastics

* Bio PET

* PHA
¢ Bio PE * PLA
* Bio PP

gl
Biodegradable

Fig. 3 Different categories of bioplastics
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Table 2 Comparison of

| Conventional plastics
petroleum-based plastics and

Bioplastics

bioplastics e Mainly chemical based

e Emission of greenhouse gases

e Non-biodegradable therefore harmful

o Difficult recycling
e Production cost is low

e Microbial or natural origin

e Less or no emission of greenhouse gases
e Biodegradable therefore harmless

e Easy recycling

e Production cost is high

industry. Environmental awareness projects, quick access
to feedstock, and government funding are all helping bio-
plastics manufacturers thrive in India. More initiative is
required in the areas of manufacturing, raw materials, and
technology growth. An initial move in introducing this tran-
sition is to raise environmental awareness and promote the
long-term benefits of bio-plastics. The National Green Tri-
bunal’s (state-level committee) has given the government
until August 31, 2019, to enact the plastic ban. Scientists
are working on the development of bioplastics all over India.
Recently IIT Guwahati came up with an improvement in
commercial production of bioplastics (Kalita 2019). India’s
first biotechnology company for biodegradable products is
Biogreen. Bioplastics are already being produced in India
by Truegreen, Plastobags, Ecolife, and Envigreen (Biogreen
2017). Many technological breakthroughs have enhanced
the Indian Bioplastics market, which has seen significant
growth. It is up to each person to and their use of traditional
plastics as much as possible in their everyday lives (India
Bioplastics Market 2019).

Substitution potential of bioplastics

While current substitution levels are low, biodegradable
polymers have the potential to replace the majority of differ-
ent petroleum-based polymers currently in use, as shown in
Table 3 (Shen et al. 2009). Extensive research has been done
to study the technological replacement potential of biobased
plastics to replace their petrochemical equivalents. As of
2007, reported that biobased plastics could replace conven-
tional plastics at the rate of 94%, with 31% of that coming
from biodegradable plastics and 63% coming from biobased
but not biodegradable plastics. The substitutional potential
of bioplastics over conventional plastics concerning cost
is well documented. Figure 4 shows the average price of

different polymers (Shen et al. 2009). Due to economic con-
siderations, difficulty in a quick scaleup, difficulty in assur-
ing availability of renewable (biobased) feedstocks, and the
plastics industry’s sluggish acceptance of new plastics, it is
unlikely that this potential will be realised in the short-to-
medium term. (Shen et al. 2009). Due to the slow rate of
substitution, any environmental trade-offs, such as a reduc-
tion in non-renewable energy usage, will take more than
two decades to realise at a macro-scale. They do, however,
point out that an advantage of this incremental change may
be the prevention of technical lock-in and the opportunity to
ensure that the most environmentally friendly, cost-effective
processes are implemented (Dilkes-Hoffman et al. 2019).

Starch, polylactic acid (PLA), and polyhydroxyalkanoate
(PHA), these three biopolymers however are tempting for sub-
stituting petroleum-based plastics. Table 3 shows clearly the
substitution potential. While some can replace partially, some
can fully (Shen et al. 2009). For instance, starch is considered
one of the best renewable biopolymers, because of its biode-
gradable nature, huge abundance, and lower production cost
(Peelman et al. 2013). Currently, starch has many applications
in diverse sectors like medicine, food, agriculture, and packag-
ing (Shafqat et al. 2020; Liew and Khor 2015). Similarly, PLA
is also regarded as major bio polyester, particularly known for
medical and packaging applications (Vert et al. 1995). Sev-
eral companies are producing different types of PLA products
(Sinclair 1996; Lunt 1998). Its tunability and huge abundance
make it a potent alternative to petroleum-based plastics for
packaging applications like bottles, treys, and cups (Auras et al.
2004). A study reported that the cost of PLA is the lowest of
all biopolymers (Sin et al. 2013). The third is polyhydroxy-
alkanoate (PHA), synthesised by microbes intracellularly as
reserved food material. PHA too can replace a variety of con-
ventional plastics. It has applications in medical, packaging,
agriculture, etc. (Li et al. 2016a, b).

Table 3 Substitution potential PVC

. . L HDPE LDPE PP PS PA PET PBT PC
of bioplastics with different
types of conventional plastics Starch blends + + ++ o+ + + +/— + + -
PLA - + + + - + + - -
PHA + + + + +/— - +/- +/- -

+ +, full substitution; —, no substitution;+, partial substitution; PVC, polyvinylchloride; HDPE, high-
density polyethylene; LDPE, low-density polyethylene; PP, polypropylene; PS, polystyrene; PA, polyam-
ide; PET, polyethylene terephthalate; PBT, polybutylene terephthalate; PC, polycarbonate
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Fig.4 Average prices of different polymers in year 2009

According to the study of the European bioplastics nova
institute, the packaging sector holds a major proportion of
bioplastics production over all other different sectors includ-
ing electronics, agriculture, textiles, and construction as rep-
resented in Fig. 5.

Challenges for bioplastics

The key feedstocks, water footprint, land use, and minimal
infrastructure all pose challenges for bioplastics. However,
incorporating processing in a biorefinery and using
by-products and waste flows as raw materials will greatly
reduce the ecological footprint (Tsang et al. 2019; Ummalyma
et al. 2020; Ivanov and Christopher 2016; Zhang et al. 2018).
Due to their polysaccharides and lignin, recent studies have
shown that wood and other lignocellulosic residues from
agroforestry will be more sustainable alternatives (Tedeschi
et al. 2020). For example, producing PHA from a variety of
biomass sources, municipal wastewater, CO,, and CH, has
additional advantages for the long-term growth of bioplastics
(Drre and Eikmanns 2015; Ampelli et al. 2015; Crumbley
and Gonzalez 2018).

W Packaging
® Consumer goods
Textiles
m Agriculture and horticulture

Total: 2.11 million

W Automative and transport

tonnes in %

m Adhesives
® Construction
W Electronics

Others

Fig.5 Global production capacities of bioplastics in 2020 (by market
segment) (European bioplastics, nova institute 2020)
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Other than these, several challenges are also there due
to the lack of awareness and information among people, as
represented in Fig. 6 (Leal Filho et al. 2021).

Circular economy: a perspective for waste
management during COVID-19 pandemic

This unforeseen circumstance has prompted countries to
adopt an approach of linear economy for waste manage-
ment, which entails harvesting resources to manufacture
new goods, with the majority of these products ending up in
landfills or the natural environment (Hahladakis et al. 2020;
Payne et al. 2019). Before the COVID-19 era, approximately
two billion people in the world lacked facilities for waste
collection, and three billion lacked proper disposal systems
(Wilson et al. 2015). As a result, it is unsurprising that the
linear economy has contributed significantly to the rise in the
aforementioned plastic waste crisis. It is critical to shift and
take steps toward more possible sustainability models, such
as a circular economy, to resolve the stated environmental
problems surrounding plastic and medical wastes. A circu-
lar economy is an ideal alternative to a conventional linear
economy that includes production, usage, and disposal. This
approach aims to minimise resource consumption (reduce)
and reuse existing products for as long as possible (reuse)
or accept waste as new sources (recycle or recover) by using
recycling and recovery facilities. Three main components of
this scheme are shown in Fig. 7.

During the period of lockdown, however, the majority of
material recovery facilities were shut down due to concerns
from formal, informal, and local authorities about the pos-
sibility of coronavirus spreading among waste handlers. As a
result, having adequate waste facilities (including collection,
transport, and disposal) while taking into account minimal
health hazards has created an issue and challenge all over the
world. All of the above problems, as well as the enormous

1%

M Higher price

M Lack of information for
consumers

M Lack of support from
Government

Lack of consumer
awareness

M Lack of support from
producers and brands

B Others

Fig.6 Various challenges in the way of Bioplastics
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Reduce

waste and
7 pollution

Fig. 7 Different components of circular economy

scale of COVID-19 waste generation, highlight the need
for new strategies and techniques for hazardous waste dur-
ing such a global pandemic. Even though COVID-waste
management is still in its early stages, lessons learned from
previous diseases such as AIDS, MERS-CoV, and SARS-
CoV-1, as well as the creation of new and effective ways to
deal with coronavirus, are being considered. As a result, it is
critical to collect disparate data on coronavirus waste man-
agement when considering a circular economy with minimal
waste (Teymourian et al. 2021).

An account of PHA: promising
biodegradable plastics

Polyhydroxyalkanoates (PHA) are naturally derived biopoly-
mers, which are synthesised by various microbes in granu-
lar form (Koller, 2017) as shown in Fig. 8 in the presence
of carbon-rich and nitrogen-deficient medium (Surendran
et al. 2020). Different bacterial strains like gram-negative
bacteria, gram-positive bacteria, archaea, and photosynthetic
bacteria are capable of producing PHA in both aerobic and
anaerobic conditions. Approximately 150 various types of

Fig.8 PHA accumulation in

the form of granules (Image <
courtesy: E. Ingoli¢, FELMI- X
ZFE Graz) &
56
.(i DN D DL

PHA have been discovered till now (Mitra et al. 2020). Small
pore size with high recycling potential, biodegradability,
high volume to surface area ratio, and biocompatibility are
all advantages of PHA. PHA has recently attracted atten-
tion due to a variety of beneficial properties such as ease of
processing, UV resistance, and water insolubility, among
others (Dwivedi et al. 2020). These beneficial properties
make them viable replacement of materials like polyethyl-
ene terephthalate, polylactic acid, bio-polyamide, and other
non-biodegradable materials that are employed in different
sectors such as medical, agriculture, and food. Regardless of
their economic promise, most PHA-based biomaterials are
highly hydrophobic, have a low heat distortion temperature,
and have poor gas barrier properties, particularly crystalline
short chain length PHA with greater monomeric composi-
tions of 3-hydroxybutyric acid such as poly hydroxybutyrate
(PHB). As aresult of these limitations, they degrade slowly
(Raza et al. 2020). When compared to other bioplastics, the
cost of producing PHA is much higher. As a result, these
biopolymers fall short of meeting industrial demands. As a
result, different approaches to improving the chemical and
mechanical properties of the PHA by altering the biopoly-
mers have been devised to resolve these shortcomings.

Structure of polyhydroxyalkanoate

A PHA molecule has monomeric units of (R)-hydroxy fatty
acid (Dobrogojski et al. 2018). Different monomers are joint
to each other through ester linkage (Tan et al. 2014). Each
monomer consists of a side chain R group (alkyl group that
can be either saturated or unsaturated), substituted alkyl
groups, and branched alkyl groups. PHA is divided into the
following three types based on the length of their structural
chain:

Short-chain length PHA (scl-PHA)

They contain monomers of 3-5 carbons. For example, poly
(3-hydroxybutyrate) (PHB) and poly (3-hydroxyvalerate)
(PHV) as drawn in Fig. 9 are accumulated by Cupriavidus
necator. Chain length is short. PHA is too rigid and brittle

oHo o e
HJ[O/\/U\LH e I:?H:l i
PHA " PHV ! C/S\C/C
Structure of Short chain ,“°H2 n
PHA length PHA Medium chain

length PHA

Fig.9 Different structures of PHA molecules where ‘n’ accounts for
degree of polymerisation
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also they lack greater mechanical properties which are nec-
essarily needed for packaging and biomedical applications
(Li et al. 20164, b).

Medium-chain length PHA (mcl-PHA)

They contain monomeric units of 6—14 carbons. For exam-
ple, poly (3-hydroxyoctanoate) (PHO) structure is given in
Fig. 9 which is accumulated by Pseudomonas mendocina.
These PHAs are elastomeric but have very low mechanical
strength which restricts their applications in diverse sectors
(Nomura et al. 2004).

Long-chain length PHA

They have monomer building blocks of 15 or more than 15
carbons. For example, poly (3-hydroxypentadecanoate) is
accumulated by Pseudomonas aeruginosa.

Properties of PHA

PHA shares many of the same properties as petroleum-
based polymers (Keskin et al. 2017). Insolubility in water,
UV resistance, high degree of polymerisation, stiffness, bio-
degradability, and thermoplasticity are some of the physical
properties of PHA.

Applications of PHA

PHA has diverse application ranging from agriculture,
energy, biomedical to packaging sector. Different type of
usage is given in different sector as described in Fig. 10
(Sharma et al. 2021). But COVID-19 has driven the high
demand in packaging market and promoted production.

PHA market report and COVID-19

According to PHA Market report 2021, the packaging indus-
try, particularly for food, beverage, and medicines, would
benefit the most from bioplastics. The buyers were pushed to
the retail channel due to the restaurant industry’s shutdown
during COVID-19. Plastics are used to pack the majority
of foods sold in retail outlets. There were numerous col-
laborations and agreements between PHA manufacturers and
the food packaging industries, indicating that this sector is
growing rapidly, while on the other hand, due to a decline
in oil prices in 2020, virgin plastic became less expensive
than biodegradable plastics, posing a short-term market con-
straint. Based on the above-mentioned factors, the polyhy-
droxyalkanoate (PHA) market is projected to have a neutral
impact in 2020 and to rise at a positive rate over the forecast
period (PHA Market report 2021).

@ Springer
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Fig. 10 Applications of PHA

PHA is used extensively in the packaging and food ser-
vice sectors. PHA demand is expected to rise in this segment
due to its increasing use in a variety of applications, for
instance, cups, lids, food containers, and other food service
items. Growing environmental problems and waste manage-
ment issues are the key drivers of this section (PHA Market
report 2021).

Drawbacks of PHA

PHAs are gaining a lot of attention these days because of
their biodegradability, but their high production cost and
need for complex substrates for processing have resulted in a
decrease in their demand in various fields. These are roughly
15 times more costly than polymers derived from petroleum
(Mozejko-Ciesielska and Kiewisz 2016). One of the most
significant limitations of commercial PHA development is
maintaining the optimum bacterial growth conditions. Most
of the fermentation processes do not allow optimum produc-
tion of PHA granules at the end of the cultivation.

Strategies for minimising PHA production cost
Cost-effective substrate

PHA'’s high cost is due to the complex substrates, which
account for 30—40% of overall cost. PHA can be made from
inexpensive substrates like glucose, lignin, sucrose, and
waste. For PHA development, new biosynthesis pathways
using low-cost substrates can be created (Andler et al. 2019).
The resulting recombinant could generate large amounts of
PHB from glycerol by incorporating genes encoding aqua
glycophorin and glycerol kinase from E. coli into the chro-
mosome of Cupriavidus necator H16 (Fukui et al. 2014).
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Co-productions of PHA with alcohols, amino acids, biosur-
factants, and other useful chemicals, among other things,
have been published.

Developing improved bacterial strains

Another technique for lowering PHA development costs
and increasing yield is to use transgenically modified bacte-
rial strains. Consider the following scenario, C. necator is a
metabolically engineered mutant strain that expresses genes
encoding L-arabinose catabolic enzymes, allowing it to use
L-arabinose as a carbon substrate and accumulate high levels
of PHB (Liu et al. 2016).

Reduction in cost of purification

Cell and broth separation, as well as product recovery, are all
part of PHA’s downstream production. Expensive centrifu-
gation, micro-filtration, and other time-consuming processes
are needed for the separation (Jiang and Chen 2016). As a
result, methods for recovering PHA through an easy, reli-
able, and less polluting process must be developed.

Future considerations and recommendations

We may find that our dependence on plastic has raised as
a lockdown or other restrictions are progressively lifted.
Increased use of PPE and SUP would result from the
resumption of economic activity and movement of popula-
tion, resulting in a rise in waste generation. Managing the
growing amount of single-use plastic waste will be a huge
challenge for all governments, particularly in many develop-
ing countries. Solving the COVID-19 crisis cannot be done
at the cost of addressing humanity’s longer-term problem:
the climate crisis (Climate Action Tracker 2020). More
funds should be allocated by corporations as well as govern-
ments worldwide to teach people about the circular economy
and why they should go for reuse and recycle (Sharma et al.
2020). According to research, simply presenting information
through an awareness drive is unlikely to result in behaviour
change. For example, media coverage and public awareness
campaigns about the proper disposal of personal protective
equipment (PPE) such as masks and gloves in a sealed gar-
bage bag will address concerns about sanitation workers’
safety (Prata et al. 2020). This can have an indirect effect
on our actions by increasing our vulnerability to other inter-
ventions and reflecting social norms — the unwritten rules
of appropriate behaviour (Huang 2016). When we become
aware of a problem, we can need some assistance in moving
from awareness to action. According to a new report, voice
trigger action causes background change and encourages
pro-environmental behaviours (Ohtomo and Ohnuma 2014).

By changing the norms, we can successfully phase out our
reliance on single-use plastic goods. The more we talk about
the issue and the solutions, the more companies will search
out and propose alternatives, and we will be more likely to
mobilise as a community (Innerself 2020).

Conclusions

While human health should take precedence, environmental
health should also be considered for the greater good of the
entire planet. It is not only the government’s responsibil-
ity to ensure environmental safety, but also the individual’s
responsibility to be active and behave responsibly by select-
ing reusable personal protection equipment, minimising
the use of disposable products, choosing environmentally
friendly materials such as bioplastics, and appropriately dis-
posing of them. If we think of reduce, reuse, and recycle, the
world will become safer, the natural resources will automati-
cally be secured, and harmful emissions will be minimised.
To summarise, pandemic situations such as COVID-19 can
be easily tackled with full effort and collaboration between
the government and the public. Then only environmental and
individual security can be easily achieved.
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