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• Usage of PPEs and packing materials
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The COVID-19 pandemic has reemphasized the indispensable role of plastics in our daily life. Plastics in terms of
personal protective equipment (PPEs) and other single-use medical equipment along with packaging solutions
owing to their inherent properties have emerged as a life-savior for protecting the health and safety of the front-
line health workers and the common citizens during the pandemic. However, plastics have been deemed as evil
polluter due to their indiscriminate littering andmismanagement amid increased plastic usage andwaste gener-
ation during this unprecedented crisis. This article reviews and assesses to dwell upon whether plastics in the
time of pandemic are acting as protector of the public health or polluter of the environment. Considering the util-
ities and limitations of plastic alongwith itsmanagement ormismanagement, and the fate, an equitable appraisal
suggests that the consumers' irresponsible behavior, and attitude and poor awareness, and the stress on waste
management infrastructure in terms of collection, operation, and financial constraints as the major drivers, lead-
ing tomismanagement, turn plastic into an evil polluter of the environment. Plastic can be a protector ifmanaged
properly and complemented by the circular economy strategies in terms of reduction, recycle and recovery, and
thereby preventing leakage into the environment. To safeguard the supply chain of PPEs, several decontamina-
tion techniques have been adopted worldwide ensuring their effective reprocessing to prioritize the circular
economywithin the system. Policy guidelines encouraging to adopt safer practices and sustainable technical so-
lutions alongwith consumers' education for awareness creation are the need of the hour for preventing plastic to
turn from protector with high utility to polluter.
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1. Introduction

With the coronavirus disease 2019 (COVID-19), a pandemic of
global concern caused by severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2), the entire world has come to a halt witnessing a
lifestyle that is becoming the new normal. SARS-CoV-2 is known to be
easily transmissible from one person to another (sustaining the median
incubation period of approximately 5.1 days), infecting on an average of
2.4–3.3 people from just one confirmed case (Lauer et al., 2020; Ortiz-
Prado et al., 2020). The COVID-19 crisis has reemphasized the indis-
pensable role of plastic in our daily life. Plastics have contributed im-
mensely to the healthcare sector and public health safety during the
pandemic. In addition to the imposition of nationwide lockdown, social
distancing, restriction on traveling and public gathering, frequent usage
of hand sanitizers along with wearing of mostly plastic-based personal
protective equipment (PPEs), viz. face masks, gloves for common citi-
zens to protective medical suits, aprons, gowns, face shields, surgical
masks, and other PPEs for frontline health workers as precautionary
measures have been adopted to avoid virus contamination to fight the
spread of COVID-19 (Kahlert and Bening, 2020). Plastics integrate excel-
lent strength to weight ratio and durability with versatileness. Owing to
these properties, plastics are irreplaceable in the healthcare sector with
major applications in single-usemedical tools and equipment and pack-
aging along with use in some surgical operation and transplant (Chen
et al., 2020). Further, plastics have evolved as the perfect material for
packaging purposes as they are lightweight,flexible, and highly durable.
Packaging applications account for the most extensive use of plastics
worldwide. Consumers' behavioral changes coupled with the depen-
dency on online shopping and takeaway services for home delivery of
essential items during the pandemic have led to a considerably in-
creased demand for plastic-based packaging items, including single-
use plastics (SUPs), against the backdrop of prevailing bans or restric-
tions in many countries (Grashuis et al., 2020; Laato et al., 2020;
Tenenbaum, 2020; Wang et al., 2020a). A surge in the plastic demand
during the pandemic is, therefore, primarily due to the manufacturing
of PPEs and packaging materials (ADB, 2020). The majority of PPEs are
made up of polymers like polyurethane (PU), polypropylene (PP), poly-
carbonate (PC), low-density polyethylene (LDPE), polyvinyl chloride
(PVC), while the plastics used in packaging materials mainly consist of
high-density polyethylene (HDPE), low-density polyethylene (LDPE),
polystyrene (PS), polyethylene terephthalate (PET), etc. Among these,
PS and LDPE are rarely recycled plastics, PET and HDPE are widely
recycled, while PVC and PP are often not recycled (Klemeš et al.,
2020). The usage and recyclability of the plastics used for PPEs and
packaging materials during the pandemic are depicted in Fig. 1.
2

Plastics bring prosperity to mankind, but also limitations and prob-
lems as their prime advantage turns out to be the main problem.
Being cheaper than conventional materials, plastics allow single-use in
innumerable applicationswithdisposability is considered as amajor ad-
vantage by the users prioritizing hygiene, albeit plastic is reported to be
no better alternative than other materials with respect to the persis-
tence of the novel coronavirus (van Doremalen et al., 2020). This has
led to an increase in the use and disposal of plastic-based items for
both medical and non-medical applications during the pandemic. Haz-
ardous COVID-19 biomedical waste (BMW) containing infected
plastic-based PPEs and other disposable items from the impacted
sources like COVID-19 hospitals, quarantined facilities, containment
zones, along with similar non-infected items from non-impacted
sources are generated (UNEP, 2020). Therefore, the COVID-19 BMW
generation can be directly linked to the unprecedented use of mostly
plastic-based PPEs and other disposables warranted since the novel co-
ronavirus outbreak. The growing usage of SUPs and plastic-based pack-
aging materials coupled with the increasing demand for medical
products and packaging amid the pandemic has significantly spiked
the plastic waste generation worldwide (Jribi et al., 2020; WEF, 2020;
WHO-UNICEF, 2020). Thus, the pandemic has presented a major envi-
ronmental challenge in terms of plastic waste management. Waste
management facilities are generally designed for steady-state opera-
tions with moderate variations in waste volume and composition
under normal circumstances. However, the pandemic-induced change
inwaste generation and composition dynamics is highly likely to impact
the normal operation of the existing facilities. Further, the reduction in
plastic recycling due to plummeting oil and petroleum prices in view
of reduced transportation activities in the time of pandemic-induced
lockdowns has turned plastic waste management a huge challenge
(BIR, 2020; Eco-Business, 2020; Kaufman and Chasan, 2020). During
this unprecedented uncertainty, the consumption of different PPEs
and packagingmaterials, including SUPs, is on the threshold of creating
a plastic pandemic across the globe unless effectively managed (Fadare
and Okoffo, 2020; Hale and Song, 2020). Mismanagement and littering
of plastic waste may not only pose a risk of virus transmission but also
create pollution in terrestrial and marine ecosystems (Mol and Caldas,
2020).

The general perception of the society to consider plastic as an evil
polluter has been further built up based on themedia reports and news-
letters highlighting the worsened environmental situation due to the
mismanaged plastic waste during the COVID-19 pandemic. Contrary
to this general viewpoint, the irresponsible and negligent attitude of
the consumers in sheer mismanagement and the underutilization of
the resource are themajor catalysts contributing and aggravatingplastic
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pollution (Aragaw, 2020; Borg, 2020). Notably, PPEs and other
plastic-based medical equipment have emerged as a life-savior for
protecting the health and safety of the frontline health workers and
the common citizens in the time of the pandemic. However, an equita-
ble appraisal is needed comparing all pros and cons of plastics, their
management or mismanagement, and fate in the environment during
the COVID-19pandemic. In this context, the article reviews and assesses
to dwell upon whether plastics in the time of pandemic are acting as
protector of the public health or polluter of the environment. For the
purpose of the review and the assessment, the pandemic-induced re-
percussions on global plastic production and usage emerging out of
PPEs demand and supply, online shopping and takeaway services as
well as provisional reversal or stay of SUPs bans is highlighted. Further,
the impacts of the pandemic on the global plastic waste generation and
associated critical issues and challenges of plastic waste management
system are analyzed. The article also adds up to the current literature
presenting various guidelines and advisories issued by several interna-
tional agencies and countries for plastic waste management in view of
the pandemic. Moreover, the fate of plastic in the hour of the pandemic
to dissect plausible short- and long-term ecological repercussions is
discussed. The article also presents an assessment of different decon-
taminationmethods to reprocess and reuse PPEs to safeguard the short-
age of their supply chain in commensurate with the increased demand
across the globe. At last, future implications concerning innovative tech-
nical solutions and safer practices together with robust policies are pre-
sented to support legislative bodies and policymakers to deal with the
current challenges of plastic waste management during the pandemic
and beyond.

2. Review methodology

To present the basic outline of the review, a document search was
conducted using the Scopus database, Google Scholar, and Google by
3

searching for different keywords, such as ‘plastic consumption during
COVID-19 pandemic’, ‘impact of COVID-19 on plastic waste generation’,
‘plastic waste management during COVID-19 pandemic’, ‘COVID-19
waste management’, and ‘reprocessing and reuse of PPEs during
COVID-19 pandemic’. Data were retrieved from the mentioned sources
including documents like journal articles, data papers, short survey re-
ports, editorial notes, news articles, and organizational documents/re-
ports. To set the authenticity of the data/information gathered,
documents including journal papers, newsletters, and organizational
documents were only considered for the purpose of the review. The ini-
tial search collectively fetched around 1500 journal papers from the
Scopusdatabase and theGoogle scholar, while around 50organizational
documents/reports and 78 news articles were extracted from the Goo-
gle. To stick with the informative dataset relevant to the topic of the re-
view article, manual screening of documents based on the summary (in
case of news articles and organizational reports) and abstracts (in case
of journal papers) were performed excluding the articles, which were
not found exclusive to the concerned review topic. Finally, a total of
96 documents (including 59 Journal papers, 23 organizational docu-
ments/reports, and 14 news articles) related to the topic were consid-
ered and referred for the purpose of the review.

3. Impacts of COVID-19 pandemic on global plastic production
and usage

3.1. Demand and supply of PPEs during the pandemic

The human-to-human nature of transmission of coronavirus neces-
sitates the mandatory usage of plastic-based PPEs by the common citi-
zens in addition to the frontline health workers to protect from the
viral infection. Henceforth, the COVID-19 pandemic has resulted in sky-
rocket demand for essential PPE kits, which showed a tremendous in-
crease in plastic manufacturing and distribution across the globe

Image of Fig. 1
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(Prata et al., 2020). To deal with the viral infection in the current pan-
demic, theWHO has projected amonthly demand of 89million of facial
masks, 76million of gloves, 30 million of gowns, and 1.6 million of gog-
gles alongwith 2.9million of hand sanitizers as a part of safetymeasures
for frontline health workers (WHO, 2020b). Further, theWHO has esti-
mated a monthly increase of 40% in the supply chain of different medi-
cal safety productsworldwide during the pandemic. Similarly, the CAGR
for the production of PPEs is projected to show around 20% spike from
2020 to 2025 (WEF, 2020). The demand and usage of various PPEs dur-
ing the COVID-19 period so far in selected countries across the globe
have been summarized in Table 1.

The monthly consumption of facial masks and medical gloves has
been reported to be around 129 billion and 65 billion, respectively, for
7.8 billion populations across the globe (Kalina and Tilley, 2020). Ac-
cording to the World Economic Forum (WEF), the daily usage of medi-
cal kits has reached a staggering level even in the areas with relatively
low confirmed COVID-19 cases in the UK. For instance, around 39,500
facials masks, 11,500 medical gloves, 1500 gowns, and 4200 filtering
facepiece respiratory masks (FFP3) have been used in the UK during
February 2020 (WEF, 2020). Further, the estimated demand in the UK
ranges in between 10 and 16 million PPEs per day despite the current
supply of 14 million PPEs per day by the government (BBC, 2020). The
Freedonia Group, a leadingmarket researchfirmbased in theUS, has es-
timated an increased growth rate of around 312% in the present de-
mand of face shields during the pandemic (BBC, 2020; LA Times,
2020). At the same time, the demand for medical gloves is expected to
increase by 12.5% in 2020 in countries like China with such a high pop-
ulation as per the estimate (BBC, 2020; LA Times, 2020). Alone in China,
the production of facemasks soared up to 116million in February 2020,
which was 12 times greater than the previous month, i.e., January 2020
(Wang et al., 2020b). Given the total population of China is more than
1.4 billion, the gap between the rising demand and associated supply
has been reported to be substantial during the pandemic (BBC, 2020;
LA Times, 2020). This trend is of no exception in other countries,
Table 1
Demand and usage of plastic-based PPEs during COVID-19 pandemic in various countries.

Country Demand and usage of plastic-based PPEs
during COVID-19

References

China • Plastic manufacturers are producing
116 million surgical masks per day

• Around 14.8 million facial masks have
been produced as of February 2020

ADB, 2020; BBC, 2020;
LA Times, 2020; WEF,
2020

India • Around 25 lakhs PPEs are required per
day in the fight against COVID-19

ToI, 2020

Thailand • Around 62% more plastic consumption
in April 2020 as compared to the
amount consumed in the last
12 months

• About 1.5–2 million masks used daily
nationwide

TEI, 2020

Bangladesh • Around 455 million surgical masks and
1216 million gloves have been used
during the first month of COVID-19
pandemic

ESDO, 2020

UK • Per day demand of plastic medical kits
ranges between 7.5 and 12 million in
the fight against COVID-19

• National Health Service Hospital (NHS),
UK uses more than 55 thousand masks,
aprons, and gowns per day

BBC, 2020

France • Around 40 million surgical masks are
used weekly

BoF, 2020

Japan • About 600 million facial masks pro-
duced per day as of April 2020

METI, 2020

Italy • Monthly demand for facial masks and
medical gloves has been increased to 1
billion and 0.5 billion, respectively in
the fight against COVID-19

IMF, 2020
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where the increase in the number of coronavirus cases has propelled
the upsurge in demand for PPEs along with rising safety awareness.

3.2. Impact of takeaway services and e-commerce shopping on plastic us-
age during the pandemic

Total lockdowns imposed in the time of pandemic inmany countries
across the globe have led people to rely on online shopping and take-
away services for procuring essentials, including food items and grocer-
ies. The dependency on e-commerce shopping and takeaway services
for home delivery of essential items has resulted in the increased de-
mand for SUP carry bags and other types of plastic for packaging pur-
poses. The pandemic has also induced a novel form of consumer
demand and behavioral changes like panic buying, stockpiling of food
items and groceries among the masses and thereby resulted in a surge
in plastic-based packaging items in many countries (Grashuis et al.,
2020; Laato et al., 2020; Wang et al., 2020a). The percentage growth
in online shopping and takeaway services for some selected countries
during the pandemic has been shown in Fig. 2. The consumers' behav-
ioral changes as dictated by hygienic concerns, panic buying, and
stockpiling have led to a considerable surge in requirement for plastic-
based packingmaterials (Jribi et al., 2020). This growing trend of online
shopping and takeaway services further exaggerates the increased de-
mand for plastic production and usage, which have been estimated to
proliferate with a sales growth rate of 14% in the US and 40% in Spain
(WEF, 2020). The estimated growth of plastic packaging is projected
to surge from USD 909.2 billion as of 2019 to 1012.6 billion by 2021
with the annual growth rate of 5.5% corresponding to the impact of
the COVID-19 pandemic on plastic products consumption (Business
Insider, 2020).

3.3. Impact of reversal of single-use plastics (SUPs) bans on plastic produc-
tion during the pandemic

The more worrisome issue that emerged out of this pandemic is re-
versing the momentum of a long battle to reduce the production and
usage of SUPs (Shetty et al., 2020). Amidst the concerns of cross-
contamination by reusing the plastic bags and containers as propagated
and supported by the plasticmanufacturers, many countries like the US,
the UK, Canada, Portugal have temporarily revoked or deferred the SUP
bans in the time of the COVID-19 pandemic. Earlier this year, the USwas
planning to ban on the use of straws, takeout containers, andmandating
the citizens to carry their own reusable bags as an effort to combat the
pollution caused by the SUPs. But due to the outbreak of novel corona-
virus, such movements are halted amid worries about the coronavirus
clinging to reusable bags and other cutleries (Klemeš et al., 2020). For
instance, a proposed state-wide ban on plastic bags in New York is put
on hold as of May 2020. More recently, the states like California and Or-
egon have suspended the ban on plastic bags, while Connecticut, Dela-
ware, Hawaii, New Jersey, New Mexico, Oregon, Washington, etc. have
put a pause or postponed bans on the SUP products (USA Today,
2020). On the other hand, Massachusetts and New Hampshire have
strongly discouraged the use of reusable plastic bags by reintroducing
SUP products in anticipation of coronavirus transmission (World Bank,
2020). Despite the imposed ban on disposable plastic bags earlier this
year (January 2020) to slash the plastic waste generation in Thailand,
the country is now witnessing a 30% growth in its SUP production
(TEI, 2020). Further, the European Plastics Converters (EuPC), a trade
association, has called up the EU legislative agencies to roll back the im-
posed ban on a set of SUP items in the member states of the European
Union due to COVID-19 pandemic (Financial Times, 2020).

Moreover, the drastic decrease in the cost of plastic manufacturing
due to plummeting oil and petroleumprices owing to reduced transpor-
tation activities in the time of pandemic-induced lockdowns is yet an-
other factor contributing to the abrupt increased manufacturing and
supply of plastic products in proportion with the demand (Eco-



Fig. 2. Percentage increase in online shopping and takeaway services during the pandemic in some selected countries.
Data sourced from Bhatti et al. (2020), Mu-Hyun (2020), and Today Online (2020). Created with mapchart.net©.
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Business, 2020). This has led manufacturing industries to choose be-
tween plastic recycling and plastic production, and the latter has
emerged as aneconomically viable option over the former in the current
situation. As a result, themanufacturing industries are returning back to
produce new virgin plastic, further adding up to the unsustainable plas-
tic growth rate and mismanaged plastic waste generation with a de-
creased rate of plastic recycling. For example, a significant reduction in
demand in the range of 30–40% for recycled plastics in the South-East
Asian countries has been reported due to plummeting oil prices during
the pandemic (BIR, 2020). Further, more and more subtle changes in
plastic product consumption like swapping the reusable bags with
SUP bags as a precautionary measure, disposable wipes usage for disin-
fection, and carrying hand sanitizer bottles most of the time are some of
the extreme reactions exaggerating the plastic production (Kalina and
Tilley, 2020). Therefore, the increased usage of SUPs in the time of pan-
demic has ensued in a substantial surge in plastic production. Amore se-
vere threat is now apparent worldwide as the developing countries
were struggling hard to manage their plastic trash even before the
COVID-19 pandemic. Revoking or postponement of bans on SUPs and
unprecedented usage of PPEs have posed stiffer challenges in terms of
effective waste management amid increased plastic waste generation
during the pandemic.

4. Plastic waste generation, management and fate during COVID-19
pandemic

4.1. Plastic waste generation during the pandemic

The pandemic has brought about a change in waste generation and
compositiondynamics and thereby posed a stiff challenge for the local au-
thorities, service providers, policymakers, and regulatory agencies. The
unprecedented usage of mostly plastic-based PPEs by the frontline health
workers and common citizens has resulted in the increased plastic waste
generation globally (Patrício Silva et al., 2020). Further, the disposal of
many plastic-based parts of the coronavirus testing kits employing re-
verse transcription polymerase chain reaction (RT-PCR) after single use
5

for hygienic concerns has given rise to the plasticwaste generation.More-
over, the increased usage of SUPs and plastic-based packaging materials
for e-commerce shopping and takeaway services amid the pandemic
has spiked the plastic waste generation further (Jribi et al., 2020; WEF,
2020). Additionally, plastic packagingwaste is increasingly getting gener-
ated due to the growing global demand formedical products and packag-
ing in the time of pandemic (WHO-UNICEF, 2020). During the pandemic,
the BMW stream mostly comprises of infected plastic-based PPEs and
other disposable items from the impacted sources as well as similar
non-infected items from non-impacted sources are generated (UNEP,
2020; Yang et al., 2021). The COVID-19 BMW generation with a greater
proportion of plastics has been directly linked to the excessive use of
mostly plastic-based PPEs, and other disposables necessitated since the
novel coronavirus outbreak (Klemeš et al., 2020; Sharma et al., 2020).
The average daily generation of biomedical waste containing plastic
waste in selectedAsian countries or their prominent cities during thepan-
demic is presented in Fig. 3.

As per the report released by the Ministry of Ecology and Environ-
ment, China, about 240 t of medical waste with a greater proportion of
plastics was generated daily in Wuhan during the outbreak as compared
to 40 t per day (tpd) before the pandemic (Klemeš et al., 2020; WEF,
2020). The assumption thatmedicalwaste containing plastics is only gen-
erated at the hospitals and health treatment facilities can sometimes be
misleading in the pandemic scenario. For instance, approximately
200 kg of discarded masks were found over 200 public dustbins in
Wuhan, China (SUEZ, 2020). Further, the entire Hubei Province in China
showed a sharp increase of 370% inmedical waste generation, containing
a substantial portion of plastics, with a cumulative generation of 207 kt in
China during the outbreak (Klemeš et al., 2020). Following this trend,
Frost & Sullivan, a consulting firm based in the USA, predicted that the
country might produce as much medical waste containing plastic waste
in just two months of duration during the pandemic as much produced
in one entire year (WEF, 2020). In Bangladesh, a total of 14,500 t of haz-
ardous plastic waste, with about 3076 t in Dhaka alone, comprising of fa-
cial masks, hand gloves, and single-use polybags, were generated during
the first month of the COVID-19 outbreak (ESDO, 2020). Further, about

Image of Fig. 2
http://mapchart.net


Fig. 3. Average daily generation of biomedical waste containing plastic waste in selected Asian countries or their prominent cities during COVID-19 pandemic.
Data sourced from ADB (2020); CPCB (2020b); ESDO (2020); Rhee (2020); WEF (2020). Created with mapchart.net©.
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1216million hand gloves amounting to an estimated quantity of 3039 t of
disposable plastic waste generation was also reported. At the same time,
around 250 t of medical waste containing plastic-made surgical masks
and gloves, and 1.1 t of SUPwaste from hospitals and pathological testing
laboratories, respectively, were reported to be generated. In South Korea,
about 295 t of infectious medical waste containing plastics sourcing from
hospitals (61%), isolation centers (34%), and the community treatment fa-
cilities (5%) in the one-month period during February–March 2020 in the
time of pandemic has been reported to be generated (Rhee, 2020). Fur-
ther, Indonesia reported an average increase of 30% in biomedical waste
generation during the early months of the COVID-19 outbreak from
around 10,903 t in January 2020 to 14,606 t in April 2020 (UNEP-IGES,
2020). Similarly, the Philippines, Vietnam, and Kuala Lumpur in
Malaysia reported around 16,800, 9600, and 9240 t of medical waste, re-
spectively, with a greater proportion of plastics during the first two
months of the coronavirus outbreak (ADB, 2020). In India, about 2907
hospitals, 20,707 quarantine centers, 1539 sample collection centers,
and 264 testing laboratories are involved in the generation of COVID-19
BMW (CPCB, 2020b). It has been reported that around 22 kg of plastic
waste is generated for every 1000 tests for coronavirus employing the
RT-PCR technique. At this rate, about 14.5 tpd of plasticwaste is generated
from the testing alone in India. In addition to about 609 tpd of normal bio-
medical waste, a total of around 101 tpd of COVID-19 biomedical waste
containing plastic waste is generated in India (CPCB, 2020b). The state-
6

wise average daily generation of COVID-19 biomedical waste containing
plastic waste in India is shown in Fig. 4.

Increased usage of SUPs and plastic-based packagingmaterials for on-
line shopping and takeaway services amid the pandemic-induced lock-
downs in many countries has surged the plastic waste generation
further. In Thailand, the plastic waste generation is reported to be in-
creased to 6300 tpd from1500 tpd amid the pandemic owing to the soar-
ing rate of home deliveries and takeaway services (TEI, 2020). A study by
the National University of Singapore (NUS) highlighted that an additional
amount of about 1334 t of plastic waste was generated from takeaway
and home delivery services in Singapore during the two months of lock-
down (April–May 2020) (Today Online, 2020). These dramatic changes
in the volume and composition of plastic waste in the time of pandemic
havewarranted special attention to sustainable practices and resilient in-
frastructures for effective plastic waste management.

4.2. Global practices for plastic waste management during the pandemic

Plastic waste management globally has already been inadequate
considering the waste generation in the pre-pandemic situation.
Waste management infrastructures are generally designed for steady-
state operations with average waste flowrate and composition with
moderate variations under normal circumstances. However, the
pandemic-induced dramatic change in waste generation and

Image of Fig. 3
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composition dynamics is highly likely to overburden the existing infra-
structures and thereby disrupt the normal operation. Efficient manage-
ment of plastic waste and biomedical waste containing mostly plastic
waste during the pandemic poses a considerable challenge for different
components of the system, viz. source identification, segregation, collec-
tion and transportation, and treatment and disposal in addition to the
hygiene, safety, and associated training aspects of personnel and
workers involved. In this context, various international organizations
such as the WHO, UNICEF, UN-Habitat, UNEP, European Commission,
Asian Development Bank (ADB), and country's apex pollution monitor-
ing bodies and health organizations like Occupational Safety and Health
Administration (OSHA), USA, Ministry of Ecology and Environment
(MEE), China, National System for Environmental Protection (SNPA),
Italy, Central Pollution Control Board (CPCB), India, Ministry of Health
and Population (MHP), Nepal, Ministry of Health and Indigenous Med-
ical Services, Sri Lanka have recently issued specific guidelines and advi-
sories to manage COVID-19 BMW containing plastic waste as
summarized in Table 2. Most of these guidelines and advisories are
mainly concerned with hygiene routines, use of PPEs, and segregation,
collection, storage, transportation and, proper treatment and disposal
of potentially contaminated waste as an emergent response to the
steep increase in waste generation during the pandemic (Penteado
and de Castro, 2021; Yang et al., 2021). In addition to the prevailing
BMW management rules in various countries, these guidelines and
7

advisories are contingent to minimize adverse impacts of waste gener-
ated on health and the environment during the pandemic. Based on
these guidelines, global practices and approaches, the fate andmanage-
ment of plastic waste, including those contained in BMW during the
COVID-19 pandemic, are conceptualized and summarily depicted in
Fig. 5. Despite guidelines and advisories are laid down, it has been re-
ported that some Asian nations do not follow proper procedures for
waste handling leading to the piling up of infectious COVID-19 gener-
ated plasticwastewithin the general community. For instance, develop-
ing countries like Cambodia, the Philippines, Thailand, India, Malaysia,
Indonesia, Bangladesh, Vietnam, and Palestine have been reported to
dump their infectious BMW in open landfills. This is another instance
where inappropriate management of infected PPEs and medical waste
may increase the chances of the spread of viral infection in the environ-
ment (Sangkham, 2020). Thus, one of the numerous issues that will in-
evitably occur is infectious plastic waste, if not handled appropriately,
might be the underlying driver of extreme illnesses and environmental
issues during and post-pandemic period.

4.2.1. Challenges associated with plastic waste treatment and disposal
practices during the pandemic

From the treatment and disposal perspectives,mechanical recycling,
incineration, and landfilling are themost widely employedmethods for
plastic waste management worldwide. Given the unprecedented surge

Image of Fig. 4


Table 2
Guidelines issued by various organizations for the management of COVID-19 waste containing plastic waste.

Organization Country/region Guidelines/recommendations References

World Health Organization
(WHO) and UNICEF
(WHO-UNICEF)

Worldwide • Single-use masks and gloves must be discarded after each use.
• Health-care waste including used PPEs (gloves, masks, goggles, fluid-resistant
apron) must be collected in clearly marked lined containers and sharp safe boxes,
and stored, preferably on-site prior to treatment and safe disposal.

• Waste produced at home during quarantine needs to be packed in strong black bags
and sealed properly prior to collection by the municipal entities.

• Health-care waste should preferably be treated by autoclaving or high temperature
burn incinerators.

WHO-UNICEF, 2020

Asian Development Bank
(ADB)

Worldwide • Infected COVID-19 solid waste (including PPEs) must be double bagged before
treatment/disposal.

• COVID-19 infected domestic/medical waste (plastics included) should not be
recycled and must undergo incineration or sanitary landfilling.

ADB, 2020

United Nations-Habitat
(UN-Habitat)

Worldwide • Potentially infectious waste including used PPEs should be placed in colored double
bags tied with string or adhesive tape.

• If potentially infectious waste cannot be separated from other wastes, entire waste is
to be placed in double bags and sealed. In such cases, entire waste is to be considered
as residual waste not meant for material recovery.

• Increased frequency of waste collection at regular interval from COVID-19 sources,
especially hospitals.

• On-site temporary storage for 72 h before disposal followed by thermal treatment of
infectious waste. Sanitary landfilling is to be done in cases where thermal treatment
is not possible.

• Material recycling in multi-material recovery plants can be adopted after storing the
materials for an appropriate time followed by sterilization.

UN-Habitat, 2020

Union Nations Environment
Programme (UNEP)

Worldwide • Effective management of biomedical and health-care waste by separate collection,
transportation, storage, treatment and disposal with personnel protection and
hygiene.

• Medical waste including contaminated PPEs mixed with garbage from domestic
sources should be collected by the municipalities and waste management operators,
treated as hazardous waste and disposed of separately.

UNEP, 2020

European Commission Member States across
the European Union
(EU)

• COVID-19 health-care waste from healthcare facilities, laboratories and other con-
taminated zones should be treated and managed in accordance to the EU law on
waste, especially Directive 2008/98/EC on waste and articles 17, 23, 24, and 25
thereof relating hazardous waste and the European Centre for Diseases prevention
and Control (ECDC) advisories.

• Medical waste including used plastics containing highly and low infectious sub-
stances should be treated as category A (UN 2814/UN 2900) and category B (UN
3291), respectively. Waste generated from non-impacted settings must be disposed
of with the residual waste.

• Treatment of medical waste containing used plastics by incineration followed by safe
disposal. Separate and safe storage of medical waste in sealed and disinfected con-
tainers in secured areas if treatment facility is temporarily unavailable.

• PPEs used by COVID-19 infected patients and those used by health workers must
initially collected in separate bags and not mixed together and then both the bags
must be collected in one general double layered bag for appropriate disposal.

European Commission,
2020

Ministry of Ecology and
Environment (MEE)

China • Collection and disposal of infectious plastic medical waste generated during the
pandemic must be the priority for medical waste disposal units.

• Treatment facilities like incineration for domestic and hazardous plastic waste gen-
erated must take place in accordance with the competent medical health authorities.

• COVID-19 waste management practices (storage, transportation, and disposal) must
not compromise the personal health hygiene.

MEE, 2020

Occupational Safety and
Health Administration
(OSHA)

USA • Waste management system must not pay special attention to suspected COVID-19
contaminated plastic waste over the PPEs used by frontline health workers to com-
bat the infection.

• COVID-19 contaminated municipal solid waste must be treated like other non--
contaminated municipal solid waste undergoing strict administrative actions.

• Use of PPEs and safe work practices must be adopted by workers to prevent the
exposure to infection.

OSHA, 2020

Central Pollution Control
Board (CPCB)

India • Double layered plastic bags must be used to collect the waste from COVID-19 isola-
tion wards and ICUs.

• CBWTF operators should be timely informed about the generation of biomedical
waste (including face masks, gloves) from quarantine centers for their timely col-
lection and treatment.

• Plastic BMW must be handed over to urban local bodies (ULBs) waste collector and
should finally reach to CBWTF.

• CBWTF operators must ensure health hygiene while handling COVID-19 infected
waste (wearing layered masks, nitrile gloves, gumboots, safety googles and water-
proof aprons/gloves).

• COVID-19 plastic waste (googles, hazmat suits, nitrile gloves) should be
disinfected/shredded/recycled.

• Used masks, head caps, shoe covers must be incinerated.

CPCB, 2020a

National System for
Environmental Protection
(SNPA)

Italy • COVID-19 plastic waste generation has been classified under COVID-19 impacted
and COVID-19 non-impacted sources.

• Impacted COVID-19 plastic waste must be collected in double layered bags with no
need to separate the waste on source collection and they should be treated as

SNPA, 2020
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Table 2 (continued)

Organization Country/region Guidelines/recommendations References

residual waste.
• Non-impacted COVID-19 plastic waste must be collected employing separate collec-
tion system and treated as residual waste to be delivered via sealed bags.

• PPEs must be worn by workers handling the COVID-19 waste.
Ministry of Health and
Population (MHP)

Nepal • Auxiliary staff and health workers will undergo appropriate training to dispose the
plastic-based PPEs.

• Protective gears including facial masks, gloves, face shields, aprons/gowns must be
used to avoid infection at different levels of the health care system.

MHP, 2020

Ministry of Health and
Indigenous Medical Services

Sri Lanka • Infectious waste generated from the impacted and non-impacted sources is advised
to be segregated at the source itself using colored-coded containers.

• On transportation of the solid waste including infectious plastic waste to the treat-
ment facilities, leakage or spillage must be checked to avoid contamination.

• All the contaminated waste including plastic-based PPEs shall be incinerated or
autoclaved following proper safety protocol.

Ministry of Health and
Indigenous Medical
Services, 2020
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in waste generation, plastic recycling across the globe has seen a sharp
decline in the time of the pandemic. For instance, many states in the
US are either suspending or downsizing the municipality-run recycling
programs out of a total of around 9000 such facilities owing to the fund
crunch at the local level during the pandemic. Peoria, Illinois has already
suspended recycling programs, whereas Omaha, New Orleans, and Lex-
ington in Virginia are contemplating massive downsizing (Scientific
American, 2020; SWANA, 2020). The disruption in the recycling pro-
gram is even further magnified in countries like Brazil, Guatemala,
Haiti, India, Indonesia, Kenya in the developing world due to severe
fund crunch. Further, the informal recycling sector, prevalent in the de-
veloping world, is bearing the brunt of the pandemic owing to the poor
collection and lack of market demand for recycled plastics (Prata et al.,
2020; Scientific American, 2020; Sharma et al., 2020; Urban and
Nakada, 2021). Many plastic recycling techniques are susceptible to
impurities in the form of inorganics, additives, dirt, and polymer
cross-contamination (Klemeš et al., 2020). Unlike the efficient recycling
of single-stream plastics like PET with the least impurities, it is very
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difficult and unrewarding to recycle mixed plastic streams, SUPs,
multi-layer plastics, composites, and degraded plastic materials (Peng
et al., 2020). Moreover, restricted physical collaboration owing to social
distancing and employee safety in the work environment, along with
staff shortage, are also limiting the plastic recycling programs across
the globe to realize their full potential during the pandemic (BIR,
2020). Considerable reduction in the plastic recycling rate amid the un-
sustainable plastic production rate and increased waste generation in
the time of pandemic may lead to mismanagement and leakage into
the terrestrial and aquatic ecosystems.

Incineration as a thermal treatment is another widely used method
for the management of plastic waste and BMW. Incineration of plastic
waste, regardless of segregation and impurities, in the temperature
range of 800–1000 °C for safer destruction with the provision of waste
heat recovery can be a reasonable choice considering its lower labor
prerequisite with lesser chances of contamination (Klemeš et al.,
2020; White, 2020). Based on the volume of the waste, incineration is
an ideal alternative for waste generation >10 tpd, whereas other
Landfill / Open dumping

Incineration

Storage

RecyclingShreddingAutoclave

Common treatment facility with reduced recycling activities

Treatment & disposal

Ashes

Mismanaged waste

OceanAround 90% of the 
plastics in the ocean 
originates from 11 
rivers worldwide

Beaches

River

Land-based sources

Recycling facility

waste during COVID-19 pandemic.

Image of Fig. 5


N. Parashar and S. Hait Science of the Total Environment 759 (2021) 144274
thermal techniques like autoclaving, microwave irradiation are pre-
ferred for waste generation of <10 tpd (Patrício Silva et al., 2021). How-
ever, the major challenge during the pandemic lies in the breaching of
existing incineration capacity by a wider margin with the increased
plastic waste generation. For example, the peak medical waste genera-
tion of 240 tpd in Wuhan, China has breached the existing incineration
capacity of 49 tpdduring the coronavirus outbreak (Klemeš et al., 2020).
Further, the emission of hazardous gases like dioxins and furans from
the incinerators without adequate air pollution control always remains
a concern (Wang et al., 2020b).

Landfilling is a commonly preferred method for the disposal of plas-
tic waste, mainly in developing countries, despite being the least pre-
ferred option in the waste management hierarchy. However,
unscientific landfilling and indiscriminate dumping of waste are preva-
lent in many parts of the developing world barring few megacities
equipped with sanitary landfilling facilities. This could result in the
landfills and dumpsites exhausting their capacity, severe space crunch,
leakage, and mismanagement of plastic waste, leaching of toxic
chemicals, etc. (Vanapalli et al., 2020). Prioritization of landfilling
could lead to littering and open burning of a significant quantity of plas-
tic waste and thereby resulting in an increased environmental footprint
(ACR+, 2020). For instance, significantly increased instances of unsci-
entific landfilling and open burning of plastic waste in many Indian cit-
ies during the pandemic have been reported (Corburn et al., 2020). A
considerable drop in the recycling activities and the exhaustion of
existing incineration capacity in many countries during the pandemic
suggest the prospective leakage and mismanagement of a significant
amount of plastic waste either in landfills or the natural environment
causing long-term environmental repercussions (UNEP, 2020). There
are several plausible routes of mismanagement and leakage of plastic
waste from the sources and the disposal sites in the existingwasteman-
agement framework as depicted in Fig. 5.

Increased production and consumption of plastic-based PPEs create
havoc when inappropriately discarded and littered, contributing to
mismanaged plastic waste finding its way into the oceans, ultimately
via land-based waterways (Fadare and Okoffo, 2020; Hellewell et al.,
2020; Kalina and Tilley, 2020). The problem has been further exacer-
bated due to recent flooding in many South Asian countries like
Bangladesh, Nepal, Bhutan, and India (Inter Press Service, 2020; The
Third Interpole, 2020). At the onset of the COVID-19 pandemic,
OceansAsia, a Hong Kong-based organization, reported an astonishing
cluster of medical wastes including PPEs is being accumulated at the
beaches in Soko Islands based in Hong Kong (Kalina and Tilley, 2020).
Studies have also highlighted the leakage of plastic waste, especially
SUPs into the ocean as a result of littering and mismanagement during
the pandemic (Kulkarni and Anantharama, 2020; Scientific American,
2020; UNEP, 2020). Further, the environmental factors like UV
radiation, wind velocity, sunlight, and other physical and mechanical
processes result in the fragmentation of littered plastic particles into
the smaller plastic debris like micro- or nano-plastics contaminating
terrestrial and aquatic ecosystems (Patrício Silva et al., 2020). In light
of the current pandemic, adding to the existing vast challenge of plastic
pollution, the recent abrupt increase in the consumption of SUPs (espe-
cially facemasks) has aggravated the problem leading to the potential
release of microplastics contaminating the waterways. Recent studies
have also highlighted that the polymeric constituents of surgical
masks and packaging material consumed during the pandemic may
act as a potential source of microplastic pollution globally if continued
to dispose of inappropriately though the possible long-term impacts
are still unknown (Aragaw, 2020; Fadare and Okoffo, 2020). For in-
stance, the inappropriate disposal of even 1% of facial masks would be
equivalent to monthly 10 million masks polluting the environment
and amounting to an indispensable dispersion of about 40,000 kg plastic
into the environment considering the weight of each facial mask to be
approximately 4 g (Patrício Silva et al., 2020). Thus, the indiscriminate
littering, unscientific landfilling, and the leakage of plastic waste during
10
the pandemicmay further causemicroplastic pollution, posing a serious
impact on the aquatic species. The size and appearance of used PPEs and
their fragmented debris may lead to their false identification and inges-
tion by such marine species like sea turtles and fishes as food and
influencing the food chain as the long-term impacts (Fadare and
Okoffo, 2020; Prata et al., 2020).

4.2.2. Potential technological solutions to manage plastic waste during the
pandemic and beyond

With the limited available options and overwhelming burden on the
efficacy of existing waste management infrastructures, integration of
new approaches and technological solutions for plastic waste collection,
segregation, and subsequent treatment including decontamination of
PPE kits could be beneficial in addressing the key challenges during
and post-pandemic period. In addition to the capacity enhancement of
the existing waste management system, it is expected that the new ap-
proaches and technological solutions can be contingent to deal with the
surge in plastic waste generation. The WHO guidelines suggest manda-
tory incineration of PPEs and other infectious waste including plastic
waste in the temperature range of 900–1200 °C (WHO-UNICEF, 2020).
However, the design capacity of the incinerators needs a thorough over-
haul to deal with the pandemic-induced surge in plastic waste genera-
tion and composition dynamics. Further, the incinerators need to be
augmented with advanced air pollution control equipment tominimize
secondary pollution. Incineration technique augmented with advanced
air pollution control mechanisms is most prevalent in Europe, with
countries like Denmark, Finland, Poland, and Sweden continue to incin-
erate more than 50% of the municipal solid waste and plastic waste
supplementing the market energy demand (Istrate et al., 2020;
Mollica and Balestieri, 2020). In Spain, cement plants are permitted to
co-incinerate waste if the need arises (ACR+, 2020). Incineration inte-
grated with stringent air pollution control can be a short-term, conve-
nient option to deal with the increased generation of plastic waste and
BMW in the time of the pandemic. However, the long-term solution
lies in adopting the recycling paradigm following the waste manage-
ment hierarchy.

The scarcity of protective medical kits during the current crisis in re-
sponse to the exceeding demand has challenged the supply chain of
PPEs significantly in many regions across the globe. Innovative techno-
logical solutions and advanced disinfection practices to boost the supply
chain of PPEs considering the increased global demand are the need of
the hour. Decontamination of used PPEs, FFRs, surgical and procedure
masks can be posited as a potential temporary solution to ease the
shortage of plastic-based medical safety gears owing to their reuse
without having major impacts on the filtering and fit testing efficiency
providing satisfactory safety performance (Su-Velez et al., 2020). Selec-
tion of different decontaminationmethods depending on the influential
factors such as the amount and type of COVID-19 generated plastic
waste, transportation, operational maintenance, and cost economics
has been outlined elsewhere (Ilyas et al., 2020; Wang et al., 2020b;
Zorko et al., 2020). Potential disinfection solutions involving chemical
sanitization, and some high-heat treatment options are considered to
be ecologically viable too (Rubio-Romero et al., 2020; Wang et al.,
2020b).

Physical and chemical decontamination methods like scientific ster-
ilization of infected BMW, microwave/radio wave disinfection, and
steam disinfection/autoclaving are likely to help in reducing the viral
transmission risk from the infected COVID-19 plastic waste (Belhadi
et al., 2020; Rowan and Laffey, 2020). A brief summary of some selected
studies on the decontamination methods for reprocessing and reuse of
pathogen-infected plastic-based PPEs has been presented in Table 3.

Ultraviolet germicidal irradiation (UVGI), ethylene oxide, and vapor-
ous hydrogen peroxide (VHP) have been found to effectively disinfect
the usedmedical safety kits (Polkinghorne and Branley, 2020).Mechan-
ical crushing of used PPEs into smaller fractions followed by chemical
disinfection has been reported to efficiently deactivate infectious



Table 3
Summary of studies on the decontamination methods for reprocessing and reuse of pathogen-infected PPEs.

Country Medical kits
examined

Decontamination
methods

Protocol adopted Effects/impacts Advantages References

India • Respirators
• PPEs

Physical-irradiation
and heat treatment

Warm ultraviolet hybrid model (WUVH)
based on ultraviolet irradiation and heat
treatment applied

99.99% reduction of
infectious coronavirus
achieved within 16 min of
the decontamination cycle

• Degrade other pathogens as
well

• Customized to be used at 3
different modes, for example,
standalone warm heat,
standalone UV radiation and,
hybrid model

• Sanitization speed in achiev-
ing efficacy increased leading
to damage of viral DNA and
membrane

Banerjee et al.,
2020

Belgium • Surgical
masks

• FFRs

Physical-irradiation,
chemical, and heat
treatment

UGVI, VHP, and dry heat treatment applied All the 3 methods
successfully reduced the
infectious load by more
than three orders of
magnitude

• The first investigation of stable
decontamination with the use
of 3 different techniques

• Time-efficient and user
friendly

Ludwig-Begall
et al., 2020

USA • N95 respi-
rators

• Surgical
masks

• Procedure
masks

UV irradiation,
chemical, and heat
treatment

Isopropanol (IPA)-soaking/spraying, UVGI
and heat treatment (dry and moist steam)
carried out

• IPA successfully benefit-
ted the disinfection of
N95 respirators

• UVGI sustained filtration
efficiency of all every kit
examined

• Better compatibility of
filtering and fit testing
efficiency achieved by
dry heat treatment

• Time-efficient and user
friendly

• Commercial available

Ou et al., 2020

USA PPEs Chemical treatment Self-decontamination of SAR-CoV-2
contaminated fabrics made up of dimethyl
terephthalate (DMT) & mono-ethylene
glycol (MEG) using disinfectant - Duritex
(natural biopolymer) were performed

Reduced 99.99% of
infectious viral load

• Potentially useful for disinfec-
tion of clinical PPEs

• On comparing with other dis-
infection methods, the decon-
tamination starts before the
doffing of the PPEs

Campos et al.,
2020

USA N95
respirators

Chemical and heat
treatment

Low-temperature sterilization applied with
59% VHP

Successful
decontamination of N95
respirators

• Filtration and mask fit effi-
ciency were not hampered
even after high concentration
chemical treatment

Jatta et al.,
2020

China • N95 respi-
rators

• Surgical
masks

Dry heat treatment Dry heat pasteurization applied for 1 h at
the temperature 70 °C

• At 60–70 °C, dry heat
treatment successfully
killed micro-organisms

• N95 respirators & surgi-
cal masks showed no
changes in shape and
composition

• Filtering efficiency of
N95 respirators and sur-
gical masks were main-
tained as 98% and 97%
respectively

• Time-efficient and user
friendly

• Easily operated at homes and
clinical centers

Xiang et al.,
2020

Germany FFRs Moist heat
treatment

Microwave generated heat evaluated for
water absorption and filtration efficiency
during FFRs disinfection

99.9% disinfection
efficiency observed in
inactivating bacteriophage
as surrogate pathogen.

• Cost effective and commer-
cially available

• Can be performed at house-
hold and healthcare facilities

Fisher et al.,
2011

USA N95
respirators

Dry and moist heat
treatment, chemical
treatment, and UV
irradiation

• Hot air (oven) – 75 °C, 30 min/cycle
• UV light (254 nm, 30 min/cycle)
• Hot steam (10 min/cycle)

All 3 methods maintained
the filtration efficiency
around 95%

• No mechanical deformation
• Commercially available
• Can be performed at house-
hold and healthcare facilities

Liao et al.,
2020
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pathogens. Chemical disinfectants like sodium hypochlorite, calcium
hypochlorite, chlorine dioxide, sodium peroxide, bleach, etc. could be
the viable option considering their characteristics like odorless, taste-
less, colorless, non-corrosiveness, and readily water-soluble with no re-
ported hazardous by-product upon treatment (Wang et al., 2020b).
Similarly, electromagnetic radiation-based microwave or radio wave
disinfection technology can be used for effective sterilization of the con-
taminated plastic waste. This technology has been reported to be rela-
tively faster, energy-efficient, high yield output, and minimal
environmental consequences with no release of toxic particles or resi-
due upon disinfection (Belhadi et al., 2020). Another on-site treatment
method involving autoclaving equipped with high heat energy (tem-
perature between 93 and 177 °C) and saturated water steam is known
to efficiently decontaminate medical plastic waste (Ilyas et al., 2020;
11
Su-Velez et al., 2020). The steamgenerated in the process exhibits latent
heat causing denaturation and coagulation of microorganisms leading
to their inactivation with no significant release of harmful gases. The
majority of these techniques utilize equipment and disinfectants,
which are readily available in clinical centers or hospitals and could be
considered for reprocessing of used PPEs and sanitization of facemasks.
Besides, some of these techniques can be performed at the household
level broadening the practice of decontamination across a wide range
of healthcare settings (Polkinghorne and Branley, 2020). Considering
the increased demand and shortcomings in the key supply chain of
PPEs amongdifferent developed anddeveloping countries, these decon-
tamination methods might be useful in reprocessing of some selective
used plastic protective gears like eye goggles, face shields, facemasks,
and thereby reducing the plastic waste generation during the pandemic
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(WHO, 2020a, 2020b). Besides, strategic planning to safeguard the sup-
ply chain of PPEs during the pandemic by ensuring adequate
manufacturing, easy access, propermonitoring, andprotection to curtail
the shortage in the demand ofmedical safety kitswould likely to benefit
the healthcare system and environmental sustainability in the long run
(Barcelò, 2020).

4.3. Plastics: protecting health or damaging the environment during COVID-
19 pandemic?

The general notion of plastics as evil polluter has become more in-
tense due to their mismanagement amid increased plastic usage and
waste generation during the COVID-19 pandemic. However, it is neces-
sary to acknowledge that we arewitnessing and surviving in a newnor-
malwhere the current situation is not the same as it is used to be during
the pre-pandemic situation. Plastics cover a whole group of complex
polymers and co-polymers, substrates, and laminates that have been
used to secure and safeguard human wellbeing since the novel corona-
virus outbreak in terms of PPEs and single-use medical equipment, and
packaging for e-commerce utilities. Major applications of plastic in the
healthcare sector include protective gear, medical tools and equipment,
and packaging owing to its flexibility and durability. Further, a certain
class of plastics is not only the most advantageous and proficient for
packaging and carrying goods, but they are additionally the most eco-
logically viable option too. They are lightweight, low-volume, durable,
inexpensive, and high-quality material having good insulating proper-
ties that play a significant role across environmental, social, and eco-
nomic dimensions of environmental sustainability (Klemeš et al.,
2020). Several studies have acknowledged that the flexibility and
strength of certain polymers like films and foils have reduced the total
packagingweight, which otherwisewould have been increased by four-
fold, leading to increased plastic waste up to 60% (Klemeš et al., 2020;
Kulkarni and Anantharama, 2020; Vanapalli et al., 2020). Therefore, it
would not exaggerate to infer that the world's major health crisis has
eased by our dependency on plastic-based safety kits and packaging so-
lutions in the present scenario. Though the usage and consumption of
plastics have ensured the improved quality of life and public health pro-
tection during this unprecedented uncertainty, it is important to main-
tain a balance between public health protection and environmental
sustainability. Considering the pros and cons of plastic in the time of
the pandemic, an equitable appraisal suggests that the consumers' irre-
sponsible behavior, and attitude and poor awareness, and the stress on
waste management infrastructure in terms of collection, operation, and
financial constraints as the major factors, leading to mismanagement,
turn plastic into an evil polluter of the environment. Plastic can be a pro-
tector if managed properly and complemented by the circular economy
strategies in terms of reduction, recycle and recovery, and thereby
preventing leakage into the environment. To curb the ongoing plastic
pandemic and beyond, sustainable solutions and safer practices include
scientific decontamination of PPEs for reprocessing and reuse boosting
the circular economy, plastic reduction policies, product redesign and
innovation, and automation in plastic waste management to overcome
the challenges of protecting public health without damaging the envi-
ronment. Policy guidelines encouraging to adopt sustainable waste
management practices and consumers' education for awareness crea-
tion are the need of the hour for preventing plastic to turn from protec-
tor with high utility to polluter.

5. Future perspectives

Lack of efficient planning and important policy interventions exag-
gerated the leakage andmismanagement of plastic waste into the envi-
ronment leading to another threat during the prevailing pandemic.
Though the preliminary statistics on the amount of plastic waste gener-
ated during the COVID-19 is staggering, it will take time to understand
how precisely such additional plastic waste is going to impact the
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environment. However, repercussions of COVID-19 generated plastic
waste could be used as a landmark to bepreparedwith emergencymea-
sures and long-term waste management options helping us to build a
better and safer future. Robust policies and sustainable approaches
and initiatives are the need of the hour today to dealwith the prevailing
issues and challenges the world is facing related to plastic waste man-
agement amid increased waste generation during the pandemic. Ad-
vancements in the technological aspects along with sustainable
approaches are required from corporate sectors, scientific community,
and governments across the globe to address the sustainability chal-
lenges triggered during the pandemic. Responsive recovery plans and
strategies espoused by regulating agencies worldwide must consider
the deep roots influencing environmental stresses taking into account
the pandemic multiple extents and global mobility. Sustainability mea-
sures taken today to combat the plastic pollution triggered by the
COVID-19 crisis serve as an opportunity to materialize the much-
awaited transformative changes towards a pollution-free society.
Some of the approaches or solutions might need an immediate action
call, while others will be of significant requirement in the longer run
by categorizing core challenges needed attention in the short, medium,
or long-term. Some of the recommendations to overhaul the existing
plastic waste management paradigm inducing appropriate actions
needed from policymakers, research communities, manufacturing in-
dustries along with public participation are as follows:

• Handling the COVID-19 generated plastic waste with structured
wastemanagement procedures is of utmost importance today. There-
fore, the government, stakeholders, and policymakers must recognize
the sustainability imparted by efficient waste management services
and undergo necessary transition/amendment protocols for effective
implementation at all the stages to ensure prevention, segregation,
and suitable plastic waste treatment helping the nature to cope up
from this pandemic.

• Following the local, national or international advisories and guide-
lines, color-coded bags should be used by the individual households
to collect and dispose of used PPEs to avoid any littering andmisman-
agement. Further, color-coded bins must be deployed at the commu-
nity level to ensure proper collection and disposal of such used PPEs.
Moreover, the deployment of mobile treatment facilities to manage
infectious plastic waste on-site must be considered.

• Robust policies must be devised to encourage plastic packagingmate-
rials with uniform compositions rather thanmixed ormulti-layerma-
terials for improved recyclability. Further, plastic packaging materials
need to be resin coded to enhance the recyclability of SUPs. At the
same time, research efforts arewarranted to develop sustainable tech-
niques like chemical recycling to manage mixed plastic waste into
valuable products such as fuels and chemicals to ensure circularity.

• Healthcare centers and scientific institutions must consider different
decontamination methods to reprocess and reuse PPEs, particularly
FFRs, without compromising the functional efficiency. UV irradiation,
dry and moist heat treatment along with commercially available
chemicals like ethylene oxide and VHP could be used as an alternate
solution for effective decontamination of FFRs. Such decontamination
methods will ensure the supply chain of plastic-based safety kits and
reduce plastic waste generation, thereby encouraging sustainable ap-
proaches like reduce and reuse.

• To meet the demand of PPEs amid the pandemic, research and prod-
uct innovation in developing eco-friendly and reusable PPE kits
should be encouraged. Manufacturing industries must focus on the
usage of biodegradable or compostable plastic materials like
bio-plastics and compostable bags made from biomass with higher
degradability and recyclability. Further, suitable associated infrastruc-
ture must be created to manage such bio-plastics waste.

• The use of reusable cloth facemasks must be promoted instead of the
plastic-based commercially available facemasks to cut down the
growth of plastic waste. If the cloth-based or similar fabric made
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masks can provide the same level of protection, then initiatives should
be put on the forefront to opt for reusable face coverings to reduce
plastic pollution amid the pandemic.

• Positive lifestyle changes in our day-to-day life activities may act as a
potential driver tominimize plastic waste generation during and after
the pandemic. Reconsidering our choices on how to shop and order
essentials online may lead to optimal resource consumption. For in-
stance, avoiding packed food from restaurants and emphasizing
more on locally grown eatables, using reusable shopping bags with
its proper disinfection, choosing soap dispenser bottles or refillable
hand washes/hand sanitizer over disposable bottles are some of the
eco-friendly behaviors that we can adopt in an attempt to safeguard
our environmentwhile fighting the battle to prevent plastic pollution.

• Waste management infrastructures and services emerging from this
pandemic to become resilient need creativity. Innovativeness and cre-
ativity will be the new normal in waste management by embracing
new technology and out-of-box thinking. Restricted physical collabo-
ration owing to social distancing and employee safety in the work en-
vironment, automation, and robotics with the deployment of artificial
intelligence (AI), machine learning (ML), and internet of things (IoTs)
will play a key role in plastic waste segregation and recycling. Re-
cently, several waste management enterprises have been reported
to be working on artificial intelligence (AI) to effectively deal with
waste generated during and aftermath of COVID-19. Further, many
advanced techniques like thermal imaging, hyperspectral imaging,
laser-induced breakdown spectroscopy (LIBS) are being researched
upon for automated classification and segregation of plastics from
mixed waste for recycling (Gundupalli et al., 2017a, 2017b; Junjuri
and Gundawar, 2020).

• Following the sterilization by steam- or heat-based techniques, me-
chanical recycling of the plastic waste with automation must be pro-
moted to contribute towards the circular economy. To achieve this,
policy guidelines need to be formulated to incentivize mechanical
recycling activities during and post-pandemic situations.

• Automated waste treatment techniques like pyrolysis, gasification, hy-
drothermal carbonization and other thermal conversion technologies
could be employed to convert COVID-19 BMW with a greater propor-
tion of plastics into energy and valuable by-products. Such technologies
for plastic waste management should be encouraged to maximize the
safety of human health and the environment altogether.

• Information, education, and communication (IEC) campaigns must be
initiated to create mass awareness by educating the citizens to take
up the responsibility for appropriate plasticwaste disposal (particularly,
facemasks and other SUPs) as well as to understand the
environmental consequences posed by indiscriminate littering
and mismanagement of plastic waste. Further, the environmental
impact of plastic pollution menace must be included in the curric-
ula at school, college, and university levels to create awareness
among the next generation.

6. Conclusions

The COVID-19 crisis has highlighted the essentiality of plastic as a
protector in the healthcare sector and public health safety owing to its
intrinsic properties. However, the general perception about plastic as
an evil polluter has been further strengthened due to its mismanage-
ment and underutilization of resource value considering the
pandemic-induced surge in plastic usage and waste generation. An eq-
uitable appraisal by comparing the functionalities and shortcomings of
plastic suggests that the consumers' attitude and behavioral aspect of
poor social awareness and the inadequacies of the existing waste man-
agement system as the key drivers make plastic an environmental pol-
luter. It is important to acknowledge that plastic could be a protector
rather than a polluter if the circular economy approaches are properly
integrated. To prioritize the circular economy, continued progress
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must be made in reprocessing and reusing the PPEs, especially FFRs by
adopting efficient decontamination methods to keep the supply chain
intact. Further, research and product innovation in developing eco-
friendly and reusable PPE kits and carry bags made of bio-plastics with
higher recyclability should be encouraged. Existing waste management
systems and infrastructures should be automated with the deployment
of AI, ML, and IoTs for plastic waste segregation and recycling. Mechan-
ical recycling following the sterilization of infectious plastic waste must
be incentivizedwith policy formulation to contribute towards the circu-
lar economy. Chemical recycling to manage mixed plastic waste into
valuable products such as fuels and chemicals would certainly help in
achieving circularity. IEC campaign and educational curricula are
needed as a long-term plan to improve consumers' behavioral attitude
and social awareness to tackle the plastic pollution menace. Safer prac-
tices and sustainable technical solutions supported by the robust poli-
cies for transitioning towards the circular economy paradigm coupled
with consumers' education for awareness creation are crucial to restrict
plastic to become a polluter from protector with high functionality.
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