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A B S T R A C T

Covid is giving us many lessons among which one must be to realize that this is the time to act for sustainable
future. The smart world around us has made it inevitable to have an alarming situation regarding the uncontrolled
growth of waste products such as plastic and electronic wastes. Both are immense threats to the health of human,
wildlife and environment, that eventually affect the societal and economic structures as evident from recent
Covid-crisis. The proper management of these wastes and innovating ideas for new sustainable technologies are
the need of the hour. Circular economy act with green technology (green economy) is the way to tackle this
challenge. Current perspective presents the overview of the scenario regarding these burgeoning issues and
demonstrates some measures that are taken or being considered to depend on to come out of them.
1. Introduction

2020, world is taken aback by a pandemic caused by Corona virus or
COVID-19. It is turning into an unprecedented crisis in public health, life
and economy. More than a year, from child to adult, the complete civi-
lization has lost their natural enthusiasm and has been forced to control
their freedom. The whole world is affected, impacting all social areas and
sectors, reaching from, health to economy. Most alarming part is that the
virus not only killed the human life but ruined the economic structure of
civilization. In 2020–2021, the global gross domestic product (GDP)
declined by a huge percentage because of pandemic outbreak, which is
expected to be about 76.7 billion US dollars [1]. According to the United
Nations Conference on Trade and Development (UNCTAD) only in
tourism sector, global GDP will be expected to loss around 4 trillion US
dollars for the years 2020 and 2021 [2]. This pandemic outbreak is
warning us, to be more careful about the civilization and prepare for the
future. A civilization can only exist with their future foresight including
the strategic planning and understanding of necessary steps that may lead
to a better world. We can live better now, but we must think best for
tomorrow. We are still not that smart what we assume to be!

Waste streamline, whether it is generated from domestic or industrial
sources, is the most threatening issue in this era. The size of waste
streamline depends on the life cycle of the consumer products, from its
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source of manufacturing to its eventual disposal. And, the way in which
our society has manufactured, consumed, and disposed; waste streamline
is going to be ‘waste tsunami’ in few years. Each year we dump a massive
2.12 billion tons of waste [3]. According to the World Bank data, waste
generation has increased massively year by year, and is predicted to rise
by 70%, which is 3.40 billion tons, more than double population growth
by 2050 unless we take a major and fruitful action [3]. This is mostly due
to several factors, such as population growth, spread of urbanization,
economic growth, as well as consumer shopping habits and lifestyles.
Fig. 1 shows globally the region wise annual waste generation and its
prediction in near future. It is expected that waste generation will be
double or triple for most of the developing countries, particularly in
Sub-Saharan Africa and South Asia regions [3].

Though, not all the waste materials are matter of concern. The waste
which cannot be recycled or cannot be managed in an environmentally
safe manner is the subject of inquietude. Approximately 30% of the
global waste materials are the causes behind the rapid climate changes
and continuous ecological disturbances for our planet. Among all the
sectors, packaging industries where the plastics are the key materials,
represents enormous amounts of wasted material and pollution. Today's
global scenario is quite devastating as most of the products and pack-
aging are designed in unrecyclable fashion which is mostly used once and
discarded. It was reported by European Union that in 2018, Europe alone
d 13 January 2022
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Fig. 1. Annual waste generation and its prediction in near future in the different regions of the world. The data have been adopted from Ref. [3].
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collected 29.1 million metric tons of plastic waste, among which 32%
was recycled whilst 7.2 million metric tons was disposed of at landfill
sites [4]. On July 1, 2020, the World Economic Forum reported an article
entitled “The plastic pandemic is only getting worse during COVID-19”
[5]. It raises the question of single-use plastics during the pandemic.
Waste plastics are a serious and growing environmental problem. In
2015, the Sustainable Development Goals (SDS) are set by United Nation
to achieve a better and more sustainable future for all by 2030, and the
sustainability, waste management, recycling of product and environment
are the concerning factors [6]. Another sector other than the packaging
industries is the electronics consumables which is generating a new
concept of waste materials i.e., electronic waste or e-waste. Since last two
decades electronics consumables, mainly for personal usage, increased
more than ever. In this digital era, from lifestyle to sports and health to
security, the smart electronics technology is an inevitable trend, which
has the capability of transforming businesses into smarter, informative,
and more communicative ones through an impact on human-machine
interaction. Electronic waste offers a wide variety of materials as a
waste product including approximately 30% ceramics, 40% plastics, and
30% metals. Cu and Cu–Sn alloys from waste circuit boards can become
high value-added alloys. According to the reported value [7], in 2019
approximately 53.6 million metric tons of e-waste was generated, among
which 9.3 million metric tons (Mt) was recycled which is only 17.4% of
the total e-waste. It is estimated that by 2030, the amount of e-waste
generation will exceed 74 Mt which would be almost a 38% rise in only
10 years. Another sector that has also become concerning in the sense of
harmful waste materials is health. Except the pathological waste such as
human tissues, organs or fluids, contaminated body parts etc.,
non-recyclable and toxic medical leftover is one of the major contributors
in waste materials. Mostly, the annoying part in case of the medical waste
product is disorganized leftover consumables. One of the biggest exam-
ples of this disorganized medical leftover consumables is masks and
gloves that are being enormously used during the current pandemic sit-
uation. During its early days in China, the medical waste from personal
protective equipment (like gloves, face masks and eye protection units)
due to a surge in pandemic, has raised tremendously from 40 tons per day
in normal days to a peak of 247 tons which is about six-fold [8,9]. Ac-
cording to the Waste Agency of Catalonia report, the medical waste
including masks and gloves were increased 350% since mid-March of
2020, which is mostly 925 tonnes more than usual [10]. More than
2

everything, the most unfortunate fact regarding the waste management
system is the lack of responsible behavior by and for the mankind. It has
been widely noticed that improper dumping of waste materials including
plastics, medical or electronics by the human being are the biggest
challenges for civilization.

1.1. Impacts of sustainability: green economy and waste management

In current alarming scenario, it is imperative in materials research
and engineering to find a new way to revolutionize ecotechnology sys-
tem, concurrently reduce the amount of waste products and continuous
dependence on raw materials and recycle the disposals in a high end.
Using as more as possible biocompatible materials and adopting circular
economywill help us to overcome this situation. In a traditional economy
system, we neglect the concern over the limitation of using natural re-
sources as well as the responsibility of disposing waste after use of
product. This traditional economy system ignores the fundamental
concept of sustainability that is built on three pillars: community, envi-
ronment, and economy. To grow a massive impact on the sustainability
issue for the future world, a new concept of circular economy has been
approached. This is a concept that mainly assesses following sectors: (i)
limiting the use of raw/natural resources (ii) maximize product lifetime
and reusability (iii) reforming the waste again as resources. Since 1994,
the United Nations Industrial Development Organization (UNIDO) and
the United Nations Environment Programme (UNEP) have started a
program on Resource Efficient and Cleaner Production (RECP) under the
joint flagship. The vision of RECP includes following sustainable strate-
gies: a) heightened economic performance through improved productive
use of resources, b) environmental protection by conserving resources
and minimizing industrial impact on the natural environment, and c)
social enhancement by providing jobs and protecting the wellbeing of
workers and local communities [11]. UNIDO is already promoting
several eco-industrial parks (EIPs) throughout the globe. The idea is to
extend the resource efficiency beyond the borders of one company to
groups of industries that could make an impact on circular economy and
sustainable future. By 2017, UNIDO had targeted 33 industrial parks in
12 developing countries including Viet Nam, China, Colombia, Ethiopia,
India, Indonesia, Morocco, Peru, Senegal and South Africa, to show the
great potential of the eco-industrial park. In Viet Nam alone between
2016 and 2018, over 11 million USD was invested for adopting RECP by
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the participating enterprises while the total annual return of 9.6 million
USD was achieved. In the Can Tho province in Viet Nam, co-processing
cement industries, substitutes 7.5 million tons of coal and reduced CO2
emission by 14.5 million tons [12]. By 2005, Japanese Ministry of
Environment and Ministry of Economy, Trade and Industry (METI) had
developed 23 Eco-towns (or EIPs) investing more than 1.5 billion USD,
where 47 recycling plants had been constructed and, in total, 732,000
tonnes of waste was reused or recycled [13]. According to the waste
management report of the Kawasaki city government, by 2009 a cement
company in Kawasaki Eco-town, reduced CO2 emissions by 43,000
tonnes per year using recycled materials, while saving 272,000 tonnes of
virgin materials [14]. Japan is efficiently progressing towards the cir-
cular economy, whose plastic recycling waste ratio is 70% currently
while the target is 80% in near future. Alongwith Japan, China and South
Korea have their national strategies for promoting the circular economy
and EIPs. In 2016, EIPs in China saved 14 million tonnes of greenhouse
gases by recycling plastics [15]. Through the way of circular economy,
China could save in businesses and households approximately CNY 70
trillion (11.2 trillion USD) by the year 2040, in spending on high-quality
products and services which is equivalent to 16% of China's projected
GDP in 2040 [16]. Though the concept of circular economy emerged
during 1980s–1990s in Europe [17], only at recent times it is focused on
its highest levels. Through the active involvement of the European
Commission (EC) along with all EU countries, several action plans have
been adopted towards a circular economy where the priority is given to
some specific sectors such as electronics, information and communica-
tion technology, batteries, construction and buildings, textiles, pack-
aging, plastics, and chemicals industries [18]. According to a recent
study, circular economy principles across the EU can create around 700,
000 new jobs with 0.5% increment in EU GDP by the year 2030 [19].
Therefore, globally it is quite compulsory to adopt circular economy and
green technology towards the sustainable future for our planet.

2. Plastics waste: a big challenge for sustainable future

On the verge of 21st century, it can be the most controversial dis-
cussion that how far the invention of plastics made our life easier or will
make it most difficult in future! Plastic is one of the key materials that
covers most of the necessities of the packaging industries because of its
low-cost, flexibility and durability in nature. Mass production of plastics
may have started around six decades ago, but now it has been accelerated
so rapidly that it has created 8.3 billion metric tons—most of it in
disposable products that end up as trash. Plastic is nothing but a long
chain polymer compound, that has been chemically synthesized from
repeating structural units of specific monomer through polymerization
reaction. For an example the plastics that are used for shopping bags,
foils, or some toys, are chemically name as polyethene. Each of the
resultant polyethene chain is formed by linking as many as 20,000 in-
dividual ethene molecules at high temperature and pressure. Due to its
high number of polymeric chains, it is difficult to destroy such plastic in a
natural way. Most plastics materials, that have been used in our pack-
aging or any consumer products are originated from fossil-feedstock.
Polyethene (PE), Polypropene (PP), Polystyrene (PS), Polytetrafluoro-
ethylene or commonly known as PTFE, Polyvinylchloride (PVC), Poly-
ethylene terephthalate (PET), Polyamide or commercially known as
Nylon are the polymers that are being used generally in plastics
manufacturing industries. No wonder that such polymer materials have a
tremendous impact on our lifestyle, and it is quite challenging to handle
these plastic wastes in a sustainable way. Most of the polymers that are
being used in conventional plastic products are non-biodegradable and
take more than 100 years to degrade in wet soil. Each year more than 380
million tonnes of plastics are produced worldwide while only 16% of
plastic waste is recycled to make new plastics [20]. The Society of the
Plastics Industry (SPI) [21] has assigned recycling code (from 1 to 7) that
mostly indicates to identify the polymers that are used in production as
well as to expedite the recycling process or other reprocessing. It is very
3

important to develop a proper plastic waste management system which
put the positive impact on environment through the process of recy-
clable, reuse, or disposal technique. Fig. 2 shows the flow chart of all the
possible methods of plastic waste management system. The products
generally categorized from primary to quaternary depending on the
complexity and quality of the recycled materials compared with the
original products. Primary products are usually utilized as of same
quality as its original materials after recycling. After the separation and
collection of homogeneous streams of plastic waste from the mixed solid
waste, they go through mechanical recycling process and produce recy-
cled plastic pellets. Secondary and ternary products are downscaled
categorically, meaning that they cannot be reused for the same applica-
tion. These qualities of recycled plastics are mostly produced through
chemical processes. Finally, the quaternary products are used to energy
generation through incineration of plastic waste. However, the efficient
recycling of conventional plastic is still a big question. Till date, only a
minimal percentage of plastics are used for recycling process compared
with the landfill.

2.1. Green plastic vs nonbiodegradable plastics

To overcome this issue, biodegradable bio-based polymers or better
to rename as green polymers, are the viable and attractive alternatives to
a circular economy with positive impact on waste management chal-
lenge. Green polymers mostly originate either from biomass, microor-
ganism, or synthetic polymers. There are different natural resources, such
as animal or plant proteins, carbohydrates, cellulose, lactic acid, and
biogenic by-products, are used as biomass-based green polymers [22,23].
The biogenic residues are generally derived from forestry by-products,
industrial by-products, agricultural by-products, municipal wastes, that
cover 46% of total market in biomass-based green polymers
manufacturing market. Except the biogenic residues, 20% of the required
biomass for green plastics are supported by starch, 17% by sugars, 8% by
cellulose and 9% by edible and non-edible plant oils, such as castor oil
[24]. Though, the amount of biomass feedstock used for green polymers
are still far behind compared with the fossil-based polymers.

In 2019, the production of biomass-based polymer was 3.8 million
tonnes which is just 1% of the production of conventional fossil-based
plastic markets. In the market of biodegradable polymers, polylactic
acid (PLA), thermoplastic starches (TPS), and polyhydroxyalkanoates
(PHAs) are promising with the highest relative growth rates. PLA is a
biodegradable polyester, which is manufactured from lactic acid through
the controlled fermentation of carbohydrate source like corn starch or
sugarcane. Its building blocks can either be lactic acid or lactide mono-
mers. Fig. 3 shows the bio-degradation timeline of the PLA bottle that is
completely degraded in 30 days [25]. However, unmodified PLA has
limited applications due to its brittle nature and relatively poor resistance
in the presence of oxygen [26]. Therefore, the processibility of PLA is
being improved by physical and chemical modifications or through
blending with other environment friendly polymers [27–29]. Same as
like PLA, TPS plastics have also poor stability and are brittle in nature
when they lose water molecules. TPS properties can also be improved
significantly by blending with other polymers (both natural or synthetic
polymers), fillers, and fibers [30,31]. TPS are generally processed from
native starch (corn, sweet potato etc.) which under the controlled con-
ditions of pressure, temperature, shear, and water content, and form
semi-crystalline or amorphous polymeric structure. Recently, several TPS
plastics have been commercialized, for example in food packaging
(containers, wraps), disposable eating utensils, loose fill, antistatic,
formed protective packaging, bags for trash etc.

Fig. 4 shows the schematic illustration of the recent progress in green
plastics with chemical formulations, natural resources, and consumer
markets. Another promising biomass-based polymer is PHA, which is
synthesized from microbial fermentation. PHA is a very versatile family
of natural polymers that can be processed to hard or soft plastics, and to
both crystalline and amorphous in nature. These polymers are highly



Fig. 2. Flowchart of the plastic waste management.

Fig. 3. Pictorial view of the complete decomposition of PLA bottle. Data and Image source: Reference [24].
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resistant in UV. But like other biomass-based polymers, PHA has also its
drawback due to its poor mechanical properties, incompatibility with
conventional thermal processing techniques, as well as their suscepti-
bility to thermal degradation [32]. Though, all these drawbacks need
further chemical processibility to make the biomass-based polymers
more efficient in nature. According to the 2019 market data analysis
done by European Bioplastics in cooperation with the Nova-Institute, the
global production of bioplastics was 2.11 million tonnes among which
55.5% are biodegradable biopolymers altogether including PLA, PHA,
starch blends and others. The expected forecast of biodegradable plastics
production is 1.33 million by 2024 especially due to PHA's significant
growth rates [33]. Fig. 5 shows the global production capacities of bio-
plastics in 2019.
4

3. Medical waste: a big challenge for sustainable future

On the other side, in medical and bio-sectors, biodegradable synthetic
polymers, particularly polyesters, polyanhydrides, polyorthoesters, and
polyketals are exploited widely because of their key properties to control
the function of effectiveness and rate of biodegradability. For example,
most of these synthetic biodegradable polymers are used in drug delivery
system, surgical implants, contact lenses, sutures, tissue engineering and
numerous other medical device applications. Mostly the medical waste
can be divided in two sectors, one is the medical wastage from organized
sector such as hospital, pathology centers, and another is from unorga-
nized sectors, mainly the medical products from personal use. According
to the WHO reports, among all the medical wastes, 15% are registered as



Fig. 4. Schematic presentation of few green plastics with chemical formulations, natural resources, and consumer markets.

Fig. 5. Global production capacities of bioplastics 2019 (by material type). Image and data source: Reference [33].

S. Nandy et al. Progress in Natural Science: Materials International 32 (2022) 1–9
hazardous and categorized as pathological waste (such as diagnostic kits,
blood, body fluids, parts and organs, animal carcasses etc.), chemical
waste (for example solvents, reagents used in laboratories), sharp waste
(such as syringes, needles, disposable scalpels and blades etc.), phar-
maceutical waste (expired or unused drugs and vaccines), cytotoxic
waste (waste containing substances with genotoxic properties such as
cytotoxic drugs used in cancer treatment and their metabolites) and
radioactive waste [34]. Most of these medical wastes containing harmful
toxic elements and hazardous chemicals are dangerous for environment
and healthcare system. Improper handling of the medical waste can
infect hospital patients, health employees and the public as well. Also,
the disposal of untreated healthcare wastages is contaminating landfills,
water and ambient, that may cause indirect health risks. It is very
important to separate all the medical wastes according to their types and
dispose them accordingly while taking care of all safety measurements.
Generally, different colored code wastebins and levels are used for
different categories of medical wastes. Red color container or plastic bags
are used for IV bottles, IV sets or infectious dressing, aprons, gloves if
5

they are to be treated by autoclave or microwave. Yellow containers or
plastic bags are used for solid infectious or pathological waste item such
as cotton swabs, dressing materials, anatomical or human organs which
should be disposed by means of incineration or plasma pyrolysis or deep
burial in landfill. Depending on the sources, the infected sharp items such
as ampoules, syringe, glass, scalp vein, needles, blades are disposed
either in blue container or white (or translucent) container. In general,
the disposed items in blue container are treated and disinfected by
autoclave, microwave, hydroclave and later send it for recycling. For
radioactive waste, it is disposed in sealed lead container with the
radioactive symbol on the front. Other general wastes such as wrappers,
food materials, papers are disposed in black container or bags. Fig. 6
shows an overall illustration of medical waste collection and disposal
[35,36].

Unauthorized medical waste is another big issue for waste manage-
ment system, which is usually generated from the personal used of
medical products such as drugs, gloves, mask, cleaning products etc.
According to the WHO, the lack of awareness and inadequate knowledge



Fig. 6. Color coding of medical waste disposal: Protocols for waste management and process.

S. Nandy et al. Progress in Natural Science: Materials International 32 (2022) 1–9
in health hazardous issues, absence of proper waste management and
disposal systems, insufficient financial and human resources and the low
priority given to this topic, are the most common problems connected
with healthcare waste. Up to now many countries do not have the
appropriate protocols for health hazardous waste management. Howev-
er, along with WHO, EPA (U.S. Environmental Protection Agency) and
many other health associates in different countries are establishing
proper guidelines and system to tackle these challenges.

4. Electronics waste: a big challenge for sustainable future

Apart from the conventional non-biodegradable plastic, another
major issue in the growing waste pollution stream is electronic waste or
e-waste. With the super growing digitalization from lifestyle to sports and
health security, and with the easy-to-go experience in smart electronics,
mankind is becoming more prone to produce e-waste. According to the
UN's Global E-waste Monitor 2020, there are 21% increment in genera-
tion of e-waste in last 5 years, and most of them are not systematically
collected or recycled. According to the report in 2019, total e-waste
generated in Asia is 24.9 Mt, followed by the Americas (13.1 Mt) and
Europe (12 Mt), while Africa and Oceania generated 2.9 Mt and 0.7 Mt
respectively [37]. But unfortunately, most of the e-waste generated in the
first world countries, are dumped in developing countries like African,
Asian, and Latin American countries. E-waste is a health and environ-
mental hazard, containing toxic additives or hazardous substances, such
as mercury, which damages the human brain and or coordination system.
According to WHO, millions of people are adversely affected, especially
children and women whose health is jeopardized through informal pro-
cessing of disposed e-waste [38]. In most of the developing countries,
children and women are involved in processing of the e-waste, collecting
metals and valuable materials from the electronics dump, which is a
non-healthy situation. This is a serious issue.

Hence, developing new advanced materials and technology for smart
applications now cannot be the only target. Science and technology need
to find out the new way of using advanced and green materials with
green technology that will support the circular economy and future
sustainability. There are several ways to come out of this situation.

4.1. Green chemistry vs toxic technology

All the electronics products, from their outer casing to internal
6

components such as semiconductor chips, circuit boards, connectors,
display panels, and storages among others, are manufactured with a long
list of different substances including valuable resources, such as gold,
copper, and silver. Among all the materials, plastics are also a common
product that has been used in electronics equipment. Several categories
of plastics including acrylonitrile butadiene styrene (ABS), high impact
polystyrene (HIPS) and expanded polystyrene (EPS) are used for different
parts of electronic products such as device cover, monitor, keyboards,
circuit breakers, cable & wire insulation, knob, switch, handle etc.
However, it is an affirmative sign that some leading electronic manu-
facturers are stepping into promoting circular economy and green future
by taking care of the e-waste recycling including plastics. Recently, HP is
working on ocean-bound plastic and reusing it to manufacture high value
product such as printer, computer among others. Since 2021, HP has
saved 875 million HP printer cartridges, 114 million apparel hangers,
and 4.69 billion post-consumer plastic bottles out of landfills [39]. Apple
manufacturer also steps in the same direction by transitioning to plastics
from renewable or recycled sources as alternatives to fossil fuel–based
plastics. According to the report, Apple introduced “more than 100
components with an average of 46% recycled plastic across products
released in 2019,” [40]. As an example, company manufacturer used
35% or more recycled plastic has been used in 14 components for iPhone
12 [41]. Apple also used metallic case for their high-end products which
is quite safe and recyclable. After the plastics, there are several materials
that are hugely used in electronic products and are tremendously haz-
ardous such as lead, mercury, cadmium, yttrium, chromium, beryllium,
nickel, chlorinated solvents, brominated flame retardants, antimony
trioxide, halogenated flame retardants, polyvinyl chloride (PVC),
phthalates and so on [42]. Lead is commonly used as a soldering material
which causes brain damage in children. Though in many countries, lead
is started to be already banned from consumer products and replaced by
lead-free alloy such as Sn–Ag–Cu (tin-silver-copper, also called SAC) and
Sn–Cu (tin-copper), Sn–Zn–Bi (tin-zinc-bismuth) etc. [43] Besides the
soldering alloy, lead is often used as piezoelectric materials such as lead
zirconate titanate (PZT), lead metaniobate, lead titanate, lead barium
lithium niobate, that are widely used as sensor in electronics applica-
tions. Among them PZT contains approximately 60% lead by weight. The
most extensive use of lead-based piezoelectric material occurs in trans-
mitters and receivers. Therefore, it requires efficient lead-free piezo-
electric materials to replace it. But high cost associated with lead-free
piezoelectric device or poor performance is the major hurdles on their



Fig. 7. Flowchart of e-waste management.

Fig. 8. Collection rate of portable batteries and accumulators in EU and EU countries in the year 2018. The rate is gradually increased from 35% in 2011 to 48% in
2018. Data and image source: Reference [54].
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practical application. However, it is a promising sign, that many research
groups are doing their research both on inorganic (piezoelectric ceramics
such as BaTiO3, Na/Bi/TiO3, K/Bi/TiO3, Na/K/NbO3 and ZnO nano-
structure) [44] and organic (PVDF-based composites and some polymer
nanocomposites) [45] lead-free piezoelectric materials. It is expected
that sooner these piezoelectric materials will replace their lead-based
counterparts because of their biocompatible nature. Except lead, other
heavy metals, for example mercury, cadmium, nickel, antimony, arsenic,
barium, beryllium, molybdenum, selenium and zinc are also widely used
in electronic circuits, which has also an unhealthy impact on mankind as
well as environment. Heavy metals are used in different parts of elec-
tronics, such as cadmium is used in rechargeable computer batteries,
contacts and switches, mercury is used in the display screen, switches,
batteries and fluorescent lamps, nickel is used in some mobile phones’
circuit boards and soldering [46]. Simply, in printed circuit board (PCB)
alone it contains 6% of Pb/tin solder, which is 3% of the gross weight of
the original PCB. Metal fine particles from e-waste are being exposed in
ambient air while recycling or disposing in informal way. It has been
reported that developing countries like India, China, Brazil and under
developing countries of West Africa, soils are getting polluted from these
7

heavy metals due to disposal of electronic waste. Concentrations of Cu,
Zn, Ag, Cd, In, Sn, Sb, Hg, Pb, and Bi were found to be higher in soil
compared to the value of legitimate toxicity [47–49]. Fig. 7 shows the
flow chart of the e-waste management and process of different parts of
the electronic products.

Comparing with all the different parts of electronic products, battery
is one of the key parts that highly needs recommendation for recycling
and green technology. From small household electronic appliances to
some medical equipment to smart lifestyle gadgets, batteries are another
essential component in each electronic device.

The global battery market size was valued 120 billion USD in 2019,
which was nearly double in 5 years [50] and it is expected to grow at a
compound annual growth rate (CAGR) of 14.1% from 2020 to 2027 [51].
Batteries are made from several materials including lead-acid, nickel--
cadmium (Ni–Cd), lithium-ion (Li-ion), alkaline, mercury and nickel
metal hydride (Ni-MH), Lithium-ion polymer (Li–Po) etc., that are
generally used in commercial products. Among them Ni–Cd, Ni-MH, and
Li-ion are mostly utilized as rechargeable and portable batteries [52].
Most of the heavy metals that are used in batteries are highly toxic in
nature, that can be harmful for both environment and human if they are
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not properly disposed or recycled. The toxic elements can leak from the
expired batteries and can contaminate the soil and water, causing
dangerous for wildlife and humans. Therefore, minimizing the toxic el-
ements or properly recycling the expired batteries are the way-out to
think for sustainable future. In 2018, 191000 tonnes of portable batteries
were sold in the European Union whereas only 88000 tonnes of used
portable batteries were collected for recycling [53]. Fig. 8 shows an
overview of statistics on sales, collection and recycling of batteries and
accumulators among the EU member states in the European Union.
Contextually, in 2017 European Commission along with EU countries,
the industry and the scientific community established “The European
Battery Alliance (EBA)” directing Europe as a global leader in sustainable
battery production and use [54]. In 2019, the European battery
ecosystem attracted an investment volume of more than €60 billion [54].

In general, manufacturing of a typical battery requires seven different
components including container, cathode, separator, anode, electrodes,
electrolyte, and collector. Each element has its own job to do, and all the
different parts of a battery working together create the reliable and long-
lasting power to store and supply. Though in reality, it is a very hard
challenge to manufacture 100% environment friendly and green batte-
ries, without compromising the power efficiency. Recently, several sci-
entific groups from academic to industrial sectors are doing their
research to substitute the conventional materials that are being used in
batteries towards the green and sustainable ones. Among them, sodium-
ion battery (SIB) whose development has recently made astonishing
progress, is very promising as a qualitative and environment friendly
alternative to Li-ion [55,56]. Compared with Li-ion batteries, Na-ion
batteries are much cheaper because of natural abundance of sodium
(Na), and comparatively low cost of extraction and purification process of
Na than that of Li [57,58]. In last 10 years, there are few startup com-
panies that came with SIB commercialization, for example AGM Batteries
Ltd., Natron Energy (formerly Alveo Energy), Altris, HiNa Battery
Technology Co. Ltd among others [59]. Aluminum-ion battery (AIB) is
also a part of growing interest in academic and commercial field as a
possible complementary technology to lithium-ion batteries, owing to
natural abundance, high environmental impact, and low-cost
manufacturing process [60]. Recently, a Brisbane-based Graphene
Manufacturing Group (GMG), collaborating with The University of
Queensland is manufacturing graphene aluminum-ion battery cell, that
can charge up to 60 times faster than the best lithium-ion cells and hold
three times the energy of the best aluminum-based cells [61]. They have
a plan to marketize graphene aluminum-ion coin cells around the year of
2022. Biobatteries based on different kinds of microbial elements such as
glucose, carbohydrates, bacteria, saliva, poly(amic) acid or biomass are
also getting attention in this venture towards the sustainable battery
products [62,63]. In 2007, SONY developed a bio-battery that utilized
enzymes derived from sugar as its catalyst [64]. Very promisingly, a
Barcelona-based company Bioo - Arkyne Technologies has developed
sustainable sensor tech on farm, fully powered by the land itself, saving
costs by eliminating chemical batteries and their replacements, and
avoiding the use of expensive solar panel installations or their mainte-
nance [65]. According to the market report, the global Agricultural
Sensors Market is expected to reach 2.63 billion USD by 2026 with CAGR
growth rate of 11.56% from 2019 to 2026 [66].

Towards minimizing e-waste, interestingly, paper or cellulose sub-
strate has revealed itself as a promising substrate material for new
electronic purposes, along with simple fabrication and recycling prop-
erties [67]. Cellulose resources are readily accessible, sustainable, cheap,
light weight, renewable, and represent a natural resource of incredible
importance in present ecotechnology. From transistor to photovoltaic
cell, supercapacitor to battery, sensor to biosensor, in every aspect of
electronics, cellulose is being widely investigated. Recently fully recy-
clable electronic circuits using cellulose nanoparticles with carbon ink
has been printed on paper substrate [68]. Due to the low-cost technology,
flexible and light weight cellulose substrate or paper is going to be a key
material in printed electronics medium in near future. However, it is still
8

a big challenge to commercialize paper electronics in full scale. All over
that, electronic consumables need to be durable, repairable and reshared
so that it could strongly decrease the e-waste. But intensive research is in
progress to utilize all such green materials and technologies to help in
combating the e-waste issue.

5. Final remarks

Green technology and circular economy are manufacturing concepts
that minimize the waste and pollution and can be achieved through
sustainable design. It integrates both the economic benefits and ecolog-
ical impact that covers the complete life cycle of the consumables from
resource collections, design, production, assembly, transportation, recy-
cling, and disposal. On the extreme side, illegal dumping is another threat
over increasing waste problem. It is an unauthorized waste disposal
method, where products after expiry are dumped or shipped to certain
places without license to accept wastes. Mostly, developing countries or
low-income countries have been targeted for these illegal dumping.
Illegal dumping creates serious problem, as because, in these sites, the
waste products mainly from e-waste products are recycled without taking
any safety measurements. No proper recycling protocols are maintained
as well. Therefore, it needs an extreme care to efficiently recycle, and
handle the disassembly or assembly of the used consumables so that it
does not have any hazardous impact on end-users or environment. Also,
health of the workers, who are involved in this recycling process of waste
products, need to be checked up regularly. Waste stream and manage-
ment is now a prime concern for us to save and sustain our world. No
promise, no rethink, no discussion- it is the time to act for sustainability.
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