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The annual global generation of e-waste is estimated to be 59.08 million tonnes (7.37 kg per
capita), out of which the major chunk is being processed in informal sector using primitive
and hazardous methods in developing countries due to cheap labour, less stringent laws and
regulatory policies. Despite the fact the annual global value of e-waste industry being about
USD 62.5 billion that provides employment to millions in developing countries, the unstruc-
tured/informal operations in e-waste sector had and have been causing hazardous health issues
in human and environment along with unlawful activities. Many studies have been reported
on wide array of interrelated aspects and issues of e-waste, but only few studies have re-
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INTRODUCTION

Electrical and Electronic Equipment (EEE) are one of the major necessities of modern
technology savvy lifestyle. EEE involves items with circuit or electrical components that
works with the help of power supply. Majority of household or commercial use product having
electrical circuits and component fall into this category. EEE becomes when discarded with
intention of not using them (European Parliament, 2003; MoEFCC, 2003; Li et al., 2010;
European Parliament, 2012; Grant et al., 2013; Garlapati, 2016; MoEFCC, 2022). Once
discarded, each Waste Electrical and Electronic Equipment (WEEE) has to be treated differently
in order to protect the environment and human health from them. EEE was initially a luxury,
then it became a necessity, and now a major environmental issue with potential health hazards
(Robinson, 2009; Sansotera et al., 2013; Cesaro et al., 2017; Islam et al., 2020; Abalansa et
al., 2021). Major reason of EEE waste becoming environmental and health hazards include
overproduction, delay in recycling after being discarded, and unstructured/informal recycling
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and treatment (Streicher-Porte, 2005; Wang et al., 2008; Manhart et al., 2011; Liu et al., 2014;
Cesaro et al., 2017; Ignatuschtschenko, 2017; Isimekhai, 2017; Tsydenova & Heyken, 2018).
The delay in recycling may be due to many reasons, including inaccessibility in collection of
these products (Forti ef al., 2020).

The EEE systems become obsolete very soon due to fast technological changes resulting in
an increase in the e-waste load of the nation (Kasper et al 2015). Presently. the annual global
generation of e-waste is estimated to be 59.08 million tonnes that amounting to 7.37 kg per capita
(Forti et al., 2020; Abalansa et al., 2021). China, United States of America, Australia, and India
are among the leading producers of e-waste in the world. India is the fourth largest producer of
e-waste globally (ASSOCHAM, 2016). Being one of the world’s largest EEE manufacturing
industry, India has not only had its indigenous pile of e-waste to take care but it has also become
the dumping ground for developed countries (Gill, 2019). In fact, the developing countries suffer
more from the impact of hazardous e-waste because used EEE are donated, exported or dumped
these countries by the developed countries on various pretext, resulting in huge piles of e-waste.
In countries like China, Brazil, Mexico, Ghana and Nigeria where e-waste is being dismantled/
recycled largely in unstructured sector under hazardous environment causing human health and
adverse impact on environment (Chen et al., 2011; Cesaro et al., 2017; Daum et al., 2017; Fu et
al., 2018; Bogdan-Marrtin, 2022). Studies suggest a strong linkage of human and environmental
health to toxins released from e-waste exposure (Chandna & Deswal, 2005; Zhao et al., 2009;
Tsydenova & Bengtsson, 2011; Heacock et al., 2016; Cesaro et al., 2017). The wide range of
health effects include — behavioral changes in children and in pregnant women; stunted growth
and development of children; lower birthweight, length, head circumference, and Apgar scores;
induced lung function; inconsistent functioning of thyroid gland; neurodevelopment variance;
and many more (Grant et al., 2013; Yang et al., 2013; Ben et al., 2014; Eguchi et al., 2015; Xu et
al.,2016; Lietal., 2018; Zeng et al., 2018; Zeng et al., 2019). In fact, observed notable changes
in cellular level requires an urgent attention for more research, with focus on birthing mothers
and kids, and environmentally sustainable management (ESM) of e-waste (Brune et al., 2013).

For ESM of e-waste, it needs to be recycled so as to avoid the increasing landfills and its
adverse impact on health and environment. Though, countries across the world have formally
developed and implemented bylaws to recycle e-waste (Bogdan-Martin, 2022; Wagner et
al., 2022); but due to lack in enforcement and other reasons, a huge chunk of e-waste is still
being treated in unorganized/informal ways leading to pollution and bioleaching of hazardous
chemicals in the environment. This status quo points towards the need for environmentally
sustainable management (ESM) of e-waste by utilizing environmental friendly and efficient
remediation techniques, particularly biological methods as these methods have been valued
over other methods due to low investment, less labour and power input, and efficient in diverse
and adverse conditions (Agate, 1996; Pathak et al., 2014; Yang et al., 2017; Benassi et al., 2019;
Yesil & Tugtas, 2019; Yang et al., 2020).

Though many review studies have been reported on e-waste at various interval of time in
the past; however, the focused aspects of e-waste have been varying in the reported studies
due to wide array of interrelated aspects and issues. Despite many review studies on various
aspects and issues of e-waste, the review of remediation techniques having potential to take
care of the increasing e-waste and its sustainable management has been lacking. Further, the
policies and regulations regarding e-waste handling and management in developing countries
who have been at the receiving end of the deleterious impacts of e-waste dumping. In view of
this, the present paper aims to review the status, issues and health effects e-waste with focus
on potential remediation techniques and sustainable management of e-waste, along with the
policies and regulations regarding e-waste handling and management in India. It may not be
possible to include all the research studies of e-waste covering wide range of related aspects
and 1ssues; therefore, this paper seeks to highlight the significant contributions to the emerging
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environmental issue of e-waste resulting from technological advancements with a focus on
remediation techniques — classic (physical, chemical and biological) and hybrid (physico-
chemical, physio-biological and chemical-biological) techniques, including ESM of e-waste.

E-WASTE

Electronic waste, commonly referred as e-waste, embraces diverse forms of electrical and
electronic equipment (EEE) those are of no value and discarded off without any intention to
reuse them (Li et al., 2010; European Parliament, 2012; Grant et al., 2013; Garlapati, 2016;
MOoEFCC, 2022).

Classification of E-waste

E-waste composition differs depending upon the material EEE products are made of,
and contains diverse substances that need to be characterized and classified under safe and
unsafe categories based on their usage and nature. European Commission (EC) and Ministry
of Environment, Forest and Climate Change (MoEFCC), Government of India has suggested
different categories for e-waste through its directives with comprehensive choice based on
European Waste Electrical and Electronic Equipment (WEEE) as presented in Fig.1 (European
Parliament, 2003 & 2012; Garlapati, 2016, MoEFCC, 2022). The categorization/characterization
include household, IT and telecommunication, electrical and electronic gadgets, illumination
devices, toys leisure and sports gadgets, medical appliances, monitoring and controlling
equipment and automatic dispensers.

In order to elucidate whether the EEE can be reused or thrown away, EEE was further
classified based on their usage and when they can be termed as WEEE or e-waste (Cuchiella et
al., 2015), as presented in Table 1.

Further, Garlapati (2016) has proposed the classification of e-waste focusing on the hazardous
gadgets and/or components, along with the associated toxin (Table 2).

Household Refrigerator, washing machine, dish washer, induction, microwave, AC, iron
= gadgets —»| CD and DVD players, video game consolers, alarm clock, television, grinder—
(major & minor) juicer—mixer, electrical kettles, electric chimneys, fans, vacuum cleaners, etc. )
IT and tele- » ( LAN, modems, mobile, telex, printers, radio receivers, television sets, MP3 )
- o layers, video recorders, DVD players, digital cameras, camcorders, PC,
communication players pray gha’
facsimile, telephones, tablets, BTS, GPS, UPS, inverter, modems, etc.
gadgets \ J
Electrical and (" Vacuum tubes, transistors, diodes, integrated circuits, wires, motors, relays, )
. Electronic —> gene;ators, balttelfles, sl\évnghes, trqnsflonners and resistors, drills, saws, sewing
gadgets machines, tools for soldering or similar use.

[1lumination

. Ballast lamp, halogen, neon, LED and compact fluorescent lamps.
devices

>

Toys, leisure &
sports gadgets

Medical
appliances

components. coin slot machine. video games. etc.

E-waste Categories
n

vy

Instruments and accessories used in radiotherapy, cardio, dialysis, neurology,

N
[ Batteries in toy cars, trains, buses, airplanes, etc., sports electric or electronic
[ MRI, PET, CT scanner, Ultrasound and other field of medicines.

Monitoring

J
and controlling J

= equipment and —» Relays, Fhermostat and mwrocontrpllers, electronic data storage devices;
. automatic soap, water and spray dispensers, etc.
automatic

dispensers

Fig. 1. E-waste Categorization on the Basis of European Commission Directives
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Table 1. Classification of E-waste on the Basis of Usage (Source: Cuchiella et al., 2015)

Status of EEE

Description

Waste or Non-waste

New and Functional EEE

Used and functioning EEE
suitable for direct use

Used and non-functioning

but repairable EEE

Used and non-functioning
and non-repairable EEE

WEEE

New products or components being
delivered and shipped between different
countries.

Equipment need no further repair, or
hardware upgradation.

Equipment that can be repaired returning it
to a working condition performing the
essential functions it was designed for.
Testing is required to determine this
condition.

Common form of e-waste can be
mislabelled as used EEE.

EEE waste within the meaning of waste
framework directive context including
components and sub-assemblies.

Non-waste by default (new
products for distribution).

Non-waste; however, in some
countries there are certain
restrictions in export and import.

Under discussion by Basel Parties
as many countries remove the
hazardous parts and consider it as
waste, while others classify it as
non-waste.

Should be classified as waste.

Should be classified as waste.

Table 2. Classification of E-waste on the Basis of Type of Toxins and Hazardous Components (Source: Garlapati,

2016)

Type of Toxin

Element / Compound

Hazardous Gadget and/or Component

Arsenic (As)

Light emitting diode

Barium (Ba) Getters in cathode ray tube (CRT)
Beryllium (Br) Rectifiers and x-ray lenses
Cadmium CRT, batteries, printer inks and toners
Chromium VI Data tapes, floppy-disks
Heavy metals Lead (Pb) Batteries, CRT, printed wiring boards
and other Lithium (Li) Batteries
material Mercury (Hg) Fluorescent lamps, batteries, switches
Nickle (Ni) Batteries, CRT
Rare earth elements: CRT
Yttrium (Y), Europium (Eu)
Selenium (Se) Photo drums of photocopying machines
Zinc sulphide CRT
Radioactive Americium (Am) Medical gadgets, fire and smoke detectors
substances
Polychlorinated biphenyls (PCB) Condensers, transformers
Polybrominated biphenyls (PBB) Fire retardants
Sggﬁgi%%inated Polybrominated diphenyl ethers (PBDE) Plastics
Chlorofluorocarbon (CFC) Cooling unit, insulation foam
Polyvinyl chloride (PVC) Cable insulation
Other Toner dust Cartridges of printers and photocopiers

All the above three classifications represent different context but in the same perspective of
e-waste, and are useful in sorting gadgets and/or their components into groups or categories
having similarities and help the researchers and others to communicate and present clearly the
type of e-waste in question.
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Valuables from E-waste

Discarded e-waste is a costly resource having metallic content of about 60%, which includes
precious metals such as copper, gold, silver, platinum, neodymium, indium, gallium, and rare
metals like yttrium (Vats & Singh, 2015; Pourhowannarat et al., 2016; Pourhossein & Mousavi
2018; Awasthi et al., 2019; Islam et al., 2020). For instance, a high-end mobile can provide 19%
copper and approximately 5 to 8 % of iron and even precious metals like gold and silver; and
many of the heavy metal, such as copper, iron, gold, nickel and silicon, can be easily extracted
from e-waste (Zhou et al., 2020). The resource content of valuable metals are 40-50 times richer
than natural deposits in some of the discarded e-waste (Collins et al., 2012). Europium and
terbium, two in-demand and precious rare earth minerals, are also part of e-waste (Magalini et
al., 2015).

As the natural supply of precious and rare earth elements has been steadily declining, so
less costly and plentiful raw materials available in e-waste has become a major source of these
elements. This increasing value of the e-waste industry is one of the main drivers of the e-waste
problem. Wang et al. (2008) reported that the increasing demand for cheaper and low-cost raw
materials accounts for the surge in illegal import of e-waste into China.

STATUS OF E-WASTE AND ISSUES THEREOF

The pollution stress due to the ever increasing e-waste has been immense. The annual global
e-waste generation was 37.64 million tons (Mt) in 2015 that increased exponentially to about
59.08 Mt in 2019 accounting for 7.37 kg per capita, and is estimated to increase to 82.34 Mt by
2030 (Leur & Walter, 2019; Forti et al., 2020; Abalansa et al., 2021). Among various continents,
Asia contributes maximum amount of e-waste (18.2 Mt, i.e. 41% of global e-waste) in 2016
followed by Europe (12 Mt) and N & S America (3 Mt). In Asia, China produces maximum
e-waste followed by India which is the second largest generator of e-waste and ranks as 4%
highest globally. According to ASSOCHAM (2016), India is estimated to produce 5.7 Mt of
e-waste in 2020. The overall impact of e-waste on the environment by the African nations is
estimated to be 5 % of international e-waste burden. The African countries of Ghana and Nigeria
are major consumers of e-waste largely being exported from USA and Europe (Sullivan, 2014).
The unstructured e-waste processing plants in Ghana were responsible for creating immense
stress of about 2.8 Mt way back in the year 2009 (Pwamang, 2013); and Nigeria about 2.77 Mt
of e-waste in 2016 (Leur & Walter, 2019). In American continents, Brazil is estimated to have
produced 1.65 million tons of e-waste stress in 2016 and Mexico about 1.1 Mt during 2015 that
increased to 3.9 Mt in 2018 (Sotelo et al., 2016; ILO, 2019).

Studies have highlighted that very few developed countries (Taiwan, South Korea, Japan,
Australia, and few other) dispose the e-waste in safe and environmental-friendly manner.
Others, either due to lack of viable technological skills or higher costs or both, donate/export/
dump e-waste in developing Asian, African and Latin American countries. While the African
countries re-claim and again puts the electronic item into use, but the Asian and Latin American
countries dismantle them using cheap labour with no means of protection from hazardous
waste thus becoming a cause of health hazard (Wong et al., 2007). On the other hand, the
developed countries have their own diverse e-waste regulatory agendas and laws (Zhang et al.,
2019). Therefore, it needs to be looked at whether there are significant disparities in e-waste
creation among developing and developed economies as well as between nations with and
without e-waste regulatory regimes, and the export/dumping of e-waste by developed nations
to developing nations.

It has been observed that higher internet penetration in developing countries leads to higher
e-waste; while higher literacy rates in developed countries lead to less e-waste. But when
it comes to e-waste policy, a higher urban population without a regulatory legal framework
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reportedly leads to higher e-waste. Similarly, if there is a legal framework imposed with higher
internet penetration, less generation of e-waste should follow. However, the ability to sustain
an e-waste management is greater in advanced countries (Li et al., 2010). Mejame et al. (2020)
reported that the developing nations contribute more to e-waste because they lack clearly defined
e-waste policies. But the e-waste management system and policies have been emphasized
differently in developed and developing countries (Liddle, 2013; Kaminsky, 2016). There are
some developing countries having e-waste policies; whereas, many developed ones do not have
regulatory policies in place (Liddle, 2013; Pariatamby & Victor, 2013; Kaminsky, 2016). Thus,
it can be safely inferenced that the development of any nation is not determined by its e-waste
regulations. In an experimental study, Kalia et al., (2022) concluded that e-waste generation
decreases with more education in the developed countries; on the contrary, in the developing
nations the internet penetration has been leading to more production of e-waste. Kalia et al.
(2022) has also reported that a rise in education rates in industrialized nations leads to decline
in e-waste. Islam & Huda (2019) observed that the expanding middle and lower classes in
developing nations with increasing spending power may have an impact on rising electronic
gadget adoption, and in turn generation of e-waste. This is possibly due to the fact that developed
countries have already reached the capacity regarding internet penetration, whilst developing
countries have still not reached this capacity. Further, due to increased information and literacy,
there seems to be a transition in industrialized countries from capitalism to ecology, or at least
understanding or awareness about the side effects of e-waste. Additionally, it suggests that the
long-term focus should be on human resources rather than the arbitrary comfort that electronic
equipment provide.

However, one of the major reason of reduced e-waste in the developed nations has been
due to continuous dumping/exporting most of their e-waste to the developing nations. Such
inappropriate practices are burdening the unrestrained landfills of many Asian and African
countries which is unethical and unjustifiable in longer terms (Vidali, 2001). Amongst the
most polluted e-waste sites of the world are Agbogbloshie in Ghana (Africa) and Guiyu city in
China (Asia). Guiyu is referred as the e-graveyard of Earth due to its dubious ways of e-waste
recycling (Daum et al., 2017).

For a section of society in the developing countries, the e-waste sector is a significant source
of money and employment. About 18 million people were employed globally in the e-waste
sector in 2010 (Leur & Walter, 2019), with the industry’s annual global value estimated to be
USD 62.5 billion (Balde et al., 2017). In Ghana, the industry supports between 20,300 and
2,00,000 workers in the unorganized sector, with an estimated annual worth of USD 105-268
million (Daum et al., 2017). The e-waste sector in Nigeria provides a source of income for
more than 1,30,000 unofficial e-waste labourers that includes the collectors and re-sellers (Leur
& Walter, 2019). In Brazil, e-waste industry provides an income source to about 4,00,000 to
10,00,000 people (Migliano, 2014). According to Press Trust of India (PTI), the e-waste business
in India generates 4,50,000 direct and 1,80,000 indirect jobs annually, with an estimated value
of roughly USD 3 billion (Kopacek, 2021). It employs more than 30,000 informal workers
in Seelampur and over 25,000 in Delhi alone. According to Cordova-Pizarro et al. (2019),
the PCBs of mobile phones in e-waste in Mexico are worth USD 11.3 to USD 12.4 million
annually. In China, the e-waste business is expected to employ 7 lakh people (Wei & Liu, 2012);
and by 2030, that number is expected to reach 23.8 million (Greenpeace, 2019).

Fate of E-waste

The dilemma with e-waste is that it may be generated in one country but its final destination
may be anywhere else in the globe. It is estimated that approximately 23 % of e-waste produced
in developed countries is being sent to developing nation (UNEP, 2012). Many developing
countries import e-waste in huge quantities; as recycling of this e-waste has become an
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important part of their ‘formal’ or ‘informal’ economy as it has paved a new form of business
and employment (mostly illegal).

Recycling of E-waste formally includes differently constructed facilities with proper
equipment and technology capable of safe extraction of the material and ensuring safe working
environment. However, formal recycling plants are difficult to build and run in developing nations
due to high expenses. Therefore, informal e-waste recycling has become like a business which
is typically characterized as unauthentic, illegal, without any basic structure and ungoverned
(Chen et al., 2011). Due to sub-standard safety measures in such informal recycling facilities,
the employees are exposed to serious health hazards. Further, even in case of modern technical
recycling facilities, people in the surroundings may be at the risk of exposure (Freeman 1989,
Gaidajis et al., 2010, Cucchiella et al., 2015).

Although, many countries have permitted and approved formal e-waste initiatives that has
allowed authorized acquisition of e-waste from private businesses or government organizations,
but it requires monitored disassembly and recovery facilities that take into account human and
environmental demands and necessitate the employment of high-tech equipment and techniques
(Ceballos & Dong, 2016). However, in actual practice, there have been less formal recycling
operations in the e-waste market as a result of which official e-waste activities become costly
and capital intensive (Perkins et al., 2014).

Recent studies have reported that less than 20% of global e-waste production is recycled in
the formal sector (Forti et al., 2020). Taiwan, South Korea and Japan formally recycle about
75-82 % of their e-waste; and some other developed economies, such as Canada, Australia and
European countries have been focusing in developing their own formal recycling industry and/
or establishing tie ups with other countries having strong rules of e-waste recycling. However,
authorized formal recovery and recycling systems in developing countries are few and in
early stages of development. There are only 109 authorized recovery and recycling systems
accounting for 2% of all practices in China (Fu et al., 2018), 150-312 in India (Leur & Walter,
2019; Turaga, 2019), 4 in Nigeria (Nnorom, 2020), 4 in Mexico (Denogean, 2016) and 1 in
Ghana (Daum et al., 2017).

Unlawful Activities

Since informal operations are more profitable than legal ones, so there has been a far
bigger unstructured e-waste sector in developing nations like China, India, Ghana, Nigeria,
Mexico and Brazil. The unstructured e-waste sector has also encouraged other unlawful
activities, such as informal labourers, migration of people from nearby towns/countries, child
labour, etc. Informal operations in China accounts for around 98 % of all e-waste activities
(Ignatuschtschenko, 2017). In India, 95 % of e-waste sector activities are informal, making them
almost as significant as those in China (Hinchliffe & Gunsilius, 2017). In Africa (Ghana and
Nigeria) and America (Mexico and Brazil) too, a bigger portion of e-waste industry is defined
by un-authorized operations. The majority of the informal laborers, about 70% in Guiyu (China)
and about 80% in Agbogbloshie (Ghana), are migrants from surrounding towns and/or nearby
adjoining nations (Wei, 2012; Amankwaa, 2013); resulting in relocation as e-waste labourers
(Wang, 2016; Sovacool, 2019). Similar findings have been reported from Nigeria (Manhart et
al., 2011), Mexico (Tsydenova & Heyken, 2018) where migrant workers participate in e-waste
activities so as to have an extra revenue source. In India, e-waste workers basically migrate
from Indian states of Bihar, UP, West Bengal and many other backward areas/regions, and from
the neighboring parts of Bangladesh (Streicher-Porte et al., 2005).

In the e-waste industry, child labour has been prevalent particularly on the weekends and
during school breaks (Isimekhai, 2017), when youngsters join forces with families living in
the near vicinity of e-waste landfill sites (The Economist, 2021; Sieff, 2021). Children are
often engaged in the process of separation of components of e-waste (Ladou & Lovegrove,
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2008). Studies of African countries of Ghana and Nigeria also suggest the involvement of child
labour in e-waste operations (Amankwaa, 2013; Obaje, 2013). In China, children have been
frequently given the responsibility of disassembling or burning e-waste in order to recover
valuable materials (Puckett et al., 2002). Between 35,000 and 500,000 children under the age
of 16 are working as labour in various stages of e-waste activities in India (ASSOCHAM,
2016; Joon et al., 2017). Involvement of child labour, aged between 8 and 15 years, has also
been reported in Mexican e-waste industry (Cordova-Pizarro et al., 2019). The engagement of
children in such hazardous environment has potential unidentified health effects (Obaje, 2013).

EFFECTS OF EXPOSURE ON HUMAN HEALTH

No restrictions in the safety rules, safety equipment, legislation policies and implementation
of safe disposal of e-waste and other electronic goods have caused hazardous health issues in
human and environment. The impact of e-waste on human health is a notable issue in certain
developing nations like India and China (Wang & Guo, 2006; Chan et al., 2007; Qu et al.,
2007; Zhao et al., 2008; Xing et al., 2009; Wang et al., 2009; Guo et al., 2010; Fu et al., 2018).
Improper handling of WEEE generates heavy metals that are hazardous to human health and
the environment (Cesaro et al., 2017). This has become a matter of concern for developing
countries not only because of the huge amount of e-waste being imported, but also due to the
range of toxic waste it generates.

A major risk on health issues comes from heavy metals and halogenated compounds released
from e-waste. Studies have reported that the toxic metallic content and polyhalogenated organics,
which also includes PCBs and PBDEs, is released from e-waste resulting in harmful health
effects on humans and also on environment (Robinson, 2009). Old electronic products, such as
refrigerators and air conditioners, contain chloro-fluoro carbons (CFC) that have the potential
to deplete stratospheric ozone. When such electronic wastes are kept in the landfill, CFCs are
slowly released in the nature (Scheutz et al., 2004). Metals including Pd, Cd, Hg, and Ni as well
as organic substances like flame retardants, CFCs, and PAHs are all found in e-waste (Guo et
al., 2010). E-waste recycling also recovers precious materials such as Fe, Al, Cu, Ag, and rare
earth metals, though their prolonged exposure can be harmful (Tsydenova & Bengtsson, 2011;
Matsukami et al., 2015). Several studies have reported substantially higher levels of PBDEs and
PAHs as well as the heavy metals lead and cadmium in exposed populations than non-exposed
individuals (Zhao et al. 2009; Chan et al. 2013a; Yang et al., 2013; Xu et al., 2015a; Xu et al.,
2016; Liet al., 2018; Zhang et al., 2018; Huo et al., 2019b; Zeng et al., 2019b).

Both human and environmental health are at risk from these environmental toxins (Heacock
et al., 2016). Chen et al. (2009) observed a major difference in a group of workers having raised
levels of serum PBDEs and thyroid-stimulating hormone (TSH) versus the control group of co-
workers of an e-waste company in China. In two trials, PBDE concentrations in the umbilical
cord and placenta were found to be inversely linked with infant head size, BMI and Apgarl
scores (Xu et al., 2015b; Li et al., 2018); whereas, blood PAHs were found to be inversely
linked with height and chest circumference in children aged 3—7 years (Xu et al., 2015c¢).

Lead has also been reported to be a well-known neurotoxin, causing cognitive impairment
and organ system weakness in the neurological, circulatory and reproductive system. According
to Needleman (2009), there is no safe level of lead exposure for children’s neurological systems.
Lead exposure has also been linked to stunted growth and development (Yang et al., 2013; Xu
etal.,2015¢c; Xuetal., 2016; Zeng et al., 2019b). In an e-waste recycling zone, Cao et al. (2018)
observed that lead exposure contributed to the elevated percentage of peripheral CD*" central
memory T cells. Cadmium is also highly poisonous, especially to kidneys and bones due to
its property of bioaccumulation. Xu et al. (2016) has reported a 10 ng/g rise in endometrial
cadmium level associated to a weight loss of 205 grams and a body length reduction of 0.44
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centimeter. Urinary cadmium from the mother has been linked to lower birthweight, length,
head circumference, and Apgar scores (a scoring system that provide a standardized assessment
for infants after delivery) in new born female babies (Zheng et al., 2017 b; Zeng et al., 2018).
Report of behavioural problems in children with greater amounts of Pb, Cd, and Mn in blood
is also reported (Liu et al., 2014). In fact, children with high blood lead (Pb >10 g/dL) is
found to have a 24-fold increased risk of attention deficit hyperactivity disorder compared to
children with no lead poisoning. Thyroid gland’s activity is found to be affected by e-waste-
induced hazardous compounds (Xu et al., 2014b; Xu et al., 2015b; Zeng et al. 2019b). Studies
suggest the effect of lead exposure on the transcription of RBC integrins (CD44 and CD58)
in infants and toddlers that has resulted in decreased erythrocyte immunity due to long-term
environmental lead contamination (Ben et al., 2014; Xu et al., 2014a; Yang et al., 2014; Eguchi
etal., 2015; Zheng et al., 2017a; Guo et al., 2019; Huo et al., 2019a). Some category of e-waste
produces chemical which bring about carcinogenic changes and may disrupt the endocrine
glands resulting in lifelong abnormal changes. 8-hydroxydeoxyguanosine, a urinary biomarker
of generalized cellular oxidative stress, had raised level in the urine of workers of e-waste post
work shift (Wang et al., 2010). Grant et al. (2013) described lowered lung function in boys
of age between 8 to 9 years of an e-waste recycling town in comparison to a group of control
population of boys of the same age group where this effect was not observed as the town had no
exposure of e-waste. In the same set of children, an important negative correlation was observed
amid forced vital capacity, a measure of lung function, and blood chromium concentrations
have also been reported.

Though it 1s difficult to enumerate the number of harmful substances in e-waste that humans
could be exposed directly or indirectly; however, more hostile health effects are anticipated
due to exposure to e-waste that are still to be noted. Even if daily exposure is low, cumulative
exposure is often high and extremely hard to measure (Chan et al., 2013b). Thus, a mixture
of e-waste can be hazardous and may go undocumented for its difficulties in the study, on the
contrary the effect of a one chemical at certain level are relatively easy to study in an elaborate
manner.

REMEDIATION TECHNIQUES

Remediation is the process of removing contaminants from sites that have been polluted
from industrial, manufacturing, mining, and commercial activities. There are many methods
of remediation of heavy metals from e-waste including the classical physical, chemical and
biological remediation methods, and the hybrid physico-chemical, physio-biological and
chemical-biological remediation methods, as shown in Fig. 2 (Abalansa et al., 2021). Though
various physical, chemical and biological methods are being used for the removal of metals;
however, due to challenges (such as, in-situ failure, high cost, etc.) and in order to improve
treatment efficiency, have encouraged the researchers to study the adoption of hybrid processes
in diverse environmental mediums. The hybrid remediation techniques are the integration of
two or more different ways to achieve a synergistic and successful attempt to remove/extract
heavy metals from contaminated sites.

PHYSICAL REMEDIATION

Physical remediation is the process of correcting the problem by a number of physical
means. The various physical remediation techniques that may be used for remediation of metals
from e-waste include — thermal remediation, ion-exchange, adsorption by activated carbon,
membrane filtration, solidification / stabilization, replacement by agri-waste, and removal by
surfactants. These techniques are briefly summarized, along with their applicability, merits and
limitations.
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4. Chemical Leaching

Fig. 2. Remediation Techniques for Heavy Metals

Thermal remediation

At temperatures between 300 and 400 degrees Celsius, thermal treatment can dramatically
reduce metal toxicity (Li et al., 2012). Li et al. (2010) reported that the pollutants, like Hg and
As, volatilized by heating them with steam, microwaves, and infrared radiation. At 280 °C,
the thermal remediation could remove 95% of Cd, 85% of Zn, 77% of Cr and 97% Cu (Shi et
al., 2013). Thermos-gravimetric approach at 550 °C for 1 hour removed about 99% of Hg as
reported by Hseu et al. (2014). By vitrification, a type of thermal remediation, the contamination
can be trapped and immobilized. This technique is primarily being used to remove organic
and inorganic contaminants from polluted soil and sediments. Navarro et al. (2013) observed
that Mn, Fe, Zn, Cu, Cr, Cd, Pb, Hg, As, and Se concentrations reduces by 90-100% at a
temperature higher than 1,300°C by this technique. Thermal remediation is one of the most non-
complex method for treating combined pollutants that ensures 99 % metal removal efficiency.
Despite suitability, thermal remediation has limitations such as — it cannot be applied on
pollutants which are in any other state except solid; requires huge energy inputs for achieving
extremely high temperature; production of secondary pollutants in the form of gases that are
toxic in nature; and waste generated needs to be re-recycled so as to completely get rid of the
pollutants (Nejad et al., 2018; Shi et al., 2013).

lon-exchange

For the removal of metals from wastewater, various synthetic and polymeric cationic resins
(e.g., purolite C100) have been utilized (Feng et al., 2000). The degree of this process depends
on different factors, such as ion size and valency, ion concentration, physico-chemical features
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of ion exchangers, and heat (Al-Enezi et al., 2004). Dabrowski et al. (2004) reported that the
ion exchange process is more helpful in removing cadmium, lead, nickel, chromium, mercury,
copper, and zinc from water pollutants where the attraction of exchangers for ions is Pb(Il)
> Cu(Il) > CA(IT) > Zn(II). This remediation procedure can be used to remove metals from
water without sacrificing high efficiency from liquid state of pollutants; however, the process is
considerably more expensive than other methods of remediation.

Activated carbon adsorption method

Electrostatic interactions allow for the simple adsorption of metal ions from e-waste solutions
(Ali et al., 2019). The parameters that govern the metal’s adsorption include adsorbent surface
area and absorbency, surface activity and size of the adsorbing species, metal and ion complex
and pH (Periyasamy et al., 2020). Metal adsorption is commonly done with activated carbons
due to high efficacy, flexibility and simplicity of design, easy operation and insensitivity to
toxic heavy metals. Activated carbon made from peanut husk has been reported to be one of the
strong adsorbent for heavy metals such as Pb, Cd, Ni, Zn from e-waste solutions, and capable of
removing metals like As and Sb from copper-refining solutions of the e-waste recycling industry
(Navarro & Alguacil, 2002). Though this is an efficient method for the pollutant removal, but
the recovery of the metals from the adsorbents continues to remain difficult. Further, the process
requires regeneration of adsorbent and extraction of some important metals is difficult.

Membrane and filtration

These include remediation techniques such as micro-filtration and ultra-filtration, reverse
osmosis (RO) and membrane bioreactor (MBR). Out of these three processes, micro- and
ultra-filtration being the most frequently used techniques having 70 to 80 % capacity to remove
acid soluble heavy metals like As, Mo and Sb (Arevalo et al., 2013). Sandoval et al. (2019)
reported that the ultra-filtration has been more effective in removal of Fe (92%) and Ni (62%).
Reverse osmosis has been found to be useful for the separation process of metals mostly for
Cu*" ions and Cd *" metal series present in e-waste, but costlier for Cd, Ni, Zn, etc (Reddy
et al., 2014). Qdais & Moussa (2004) reported that RO is more efficient than nano-filtration
and other membrane filtration methods. Conventional MBR has been reported as 50 % more
efficient in metal removal in comparison to activated sludge (Battistoni et al., 2007); whereas,
the electromagnetic MBR has been more popular for removing toxins from metals (Giwa &
Hasan, 2015). However, the process has not been observed to be effective in metal ions with
a lower valency (Wang et al., 2014). Though these techniques have good removal efficiency of
heavy metals, but require higher cost and produce concentrated sludge.

Solidification / Stabilization (S/S)

There are certain organic or inorganic stabilizers which can be mixed with the metallic
pollutants of e-waste to immobilize the metals. The organic stabilizers include leaves, saw dust,
chitosan, sewage sludge, etc.; whereas, inorganic stabilizers include Fe/Mn oxides, cement,
lime, fly ash etc. (Guo et al., 2006). S/S depends on many factors particularly the performance
and efficiency of stabilizer. However, the process has its own set of limitations as its application
has been limited in the detoxification of soil and sediment contamination only.

Replacement method

In the replacement method, the dissolved heavy metal ions in a polluted medium (solution)
are made to come in contact with the more active metal so as to recover an ionized heavy
metal by spontaneous electrochemical reduction to the elemental state, followed by oxidation
of scarified metal (Peters & Shem, 1993). Generally, iron, aluminium or zinc are being used as
an active/sacrificial metal for recovery of more precious and/or toxic metals, such as copper,
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chromium, etc. This method is mostly used for the soil sludge sediments and waste water and
not much used for the e-waste, as it is economically viable for small scale treatment for small
number of contaminants and limited to highly contaminated soil.

Sorption by agriwaste

Due to lower cost, the removal of heavy metals has been studied by sorption technique using
agriwaste of different types. Renu et al. (2017) reported that agriwaste have lower removal
capacity than the widely used activated carbon; however, chemically modified agriwastes has
shown better results. The method is ecofriendly and cost effective as it uses agriwaste. However,
it is applicable only for some functional groups and is pH dependent.

Biosurfactant remediation

Biosurfactants are surface-active substances produced by biological systems, primarily
microbial. They dissolve metals in polluted material by releasing their hydrophilic and
hydrophobic groups, and thus making them more accessible for cleanup (Ron & Rosenberg,
2001). The metallic compounds are eliminated by the surfactants due to the formation of
complex compounds by reducing the surface tension (Mulligan & Wang, 2006). Biological
detergents like Sophorolipids and Rhamnolipids have been reported to be quite effective in
eliminating copper, nickel, zinc and cadmium from contaminated soils (Mulligan et al., 2001;
Mulligan & Wang, 2006).

CHEMICAL REMEDIATION

It is an in-situ chemical process used to remove hazardous chemicals from the contaminated
segment of environment. Chemical remediation utilizes various methods depending on the
application, but mostly involve oxidation or reduction reactions with inorganic or organic
compounds. The chemical remediation techniques used for remediation of metals from e-waste
are briefly summarized as under:

Immobilization

In this remediation technique, the heavy metals or other pollutants are restricted to flow into
the water or other environmental resources by adding modifications so as to trap the pollutants
in the form of insoluble matter (Zhou et al., 2004). The process may be carried out in-situ or ex-
situ immobilization executed in different situations with their own set of merits and demerits.
The in-situ remediation uses fixing agent treatments for underground soil, and has significant
public acceptance. The other benefits include low intrusiveness, rapidity, convenience and
economical in reduced waste creation. However, Martin & Ruby (2004) reported that the
pollutants may get activated if the soil’s physical and chemical properties changes. Therefore,
it requires continuous monitoring of the remediated site. Ex-sifu technique is often applied in
case of more contaminated soil posing serious threat to the environment. It is advantageous due
to its easy applicability and lower investment. However, the byproducts or secondary pollutants
generated during the process needs to be filled in the landfills in large quantity that makes
the process a bit difficult to handle. Further, these secondary pollutants may be toxic due to
their changed physics-chemical properties. Both these immobilization techniques have wide
applicability for the removal of various heavy metals.

Precipitation

Precipitation is one of the most important and conventional methods of heavy metal removal,
particularly in high metallic concentration. In precipitation process of remediation, the acid-
base reactions are used to precipitate out the dissolved metal ions. Ok et al. (2011) reported that
when the concentration of metalloid and pH both are higher in soil; precipitation seems to be
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the most suitable method. Aziz et al. (2008) have reported limestone as the most effective way
to remove high concentration of metals.

Electro-kinetic remediation

The electro-kinetic remediation is a process that involves passing a weak alternating energy
between a cathode and an anode that are both lodged in polluted sites (e.g., soil, sediments). In
this process, ions and tiny charged particles are transferred between the electrodes in addition to
water — every cation travel to negative, while all anions moves to positive and are thus separated
by this mechanism (Mulligan et al., 2001). Electrophoresis, electric seepage, or electro-
migration are being used to separate the metals present in the soil, resulting in a reduction in
pollution (Yao et al., 2012). Li et al. (1996) reported a metal removal effectiveness of more
than 96 % for copper and zinc by electrokinetic remediation. Due to its simple application
and operation, the electrokinetic remediation technology is rapid and cost-effective process
(Virkutyte et al., 2002). The key limiting component of this approach is soil pH fluctuation
(Wang et al., 2007), along with high energy costs and formation of large particles.

Chemical leaching

In this method polluted materials are rinsed with chemical, freshwater, and other fluids or
gases (Tampouris et al., 2001). Through ions exchange, precipitation, adsorption and chelation,
metals in the polluted soil are moved to the liquid phase. Inorganic solvent, bonding ligands,
and surfactants make up the majority of the leachate. Despite being biodegradables, organic
leaching agents are generally ineffective. Alam et al. (2001) reported chemical leaching an
environmentally friendly and cost-effective remediation approach for contaminated soil at 40
°C and 6.0 pH; and EDTA acid being the best compound for the formation of stable products at a
wider pH range. However, recovering precious metals from chemical compounds and chelating
agents remains difficult (Huang et al., 2011). Though chemical leaching process uses chemicals
that makes it a point of environmental concern; but selective and low-cost chemical leaching
techniques are required from a commercial standpoint.

Nano remediation

In recent years, nano-particles (1-100 nm in size) have been used as adsorbent material for
the heavy metal remediation due to their excellent adsorbent characteristics and reported to
have achieved 90 to 100 % removal of varying heavy metals (Al-Saad et al., 2012; Sheet et al.,
2014; Mahmood et al., 2015). The nano-particles widely used in heavy metals removal include,
iron-oxide, graphite oxide and silica (Yogeshwaran & Priya, 2019).

BIOLOGICAL REMEDIATION

Biological remediation or bioremediation is used to clean the pollutants and mineralize
them using microbes, plants and animals. It is a technique for removing/converting harmful
contaminants like heavy metals into less harmful substances, and/or removing toxic elements
from the contaminated environment, or degrading organic substances and ultimate mineralization
of organic substances into carbon dioxide, water, nitrogen gas, etc., employing dead or alive
biomass. The process of bioremediation can be applied to soil and water media through in-situ
and ex-situ techniques. It is an eco-friendly and cost-effective process for metal removal from
the contaminated environment. Biological remediation includes bioleaching, phytoremediation
and microbial remediation.

Bioleaching
It includes the process of emulsification of metals and semi-metals from deposits, and being
widely used in energy sector like bio-hydrometallurgy or mining industry (Fonti et al., 2016).
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Many known bacterial species such as Acidothiobacillus ferroxidans, Thiobacillus thioxidans,
Lycinicbacillus have shown impressive remediation results (Pant et al., 2012; Ren et al., 2009).
In bioleaching, direct- and indirect-oxidation activity is involved when microbes oxidises
metals. In direct-oxidation, microbes attach to the metal salts with the help of extracellular
polymer produced by the microbe itself to start its corrosion. Here, bacteria use its intracellular
particular oxidase system and directly oxidise the metal sulphide and simultaneously producing
H*, which lowers the pH of the sludge, and the increased reduction potential results in the
production of soluble sulphate (Kumar et al., 2014). The heavy metals present in the sludge
progressively transition from the organic matter binding state towards the pure ionic state under
these circumstances. In indirect-oxidation, the bacterial species reacts with the surrounding
environment to transform available metal in inactive form. Thiobacillus sp. metabolites are
often used in indirect-oxidation to solubilize metals from contaminated sludge. During the
process, the low-valent sulphur compounds are converted into high-valent metal ions by the
oxidation of the metal ions resulting in the oxidation of sludge accompanied by reduced pH.
The form of the heavy metals in the sludge thus changes, and are liberated from the sludge as
the reduction potential rises (Zeng et al, 2019a). Sharahabi-Farahani et al. (2014) showed that
sulphur oxidizing bacteria produces sulphuric acid by reacting with pure sulphur making the
metals inactive by reducing its pH. Narayanasamy et al. (2018) reported successful bioleaching
of precious metals from E-waste using A. niger, and the use of the bacteria Frankia for the
degradation of metals from printed circuit boards (Narayanasamy et al., 2021).

Phytoremediation

This method involves in collecting, neutralizing, and changing pollutants from a hazardous
state to a lesser harmful state with the help of plants (Vidali, 2001; Khan et al., 2008). The intake
or removal performance in phytoremediation depends upon various ecological elements/factors,
like plant-microbe interaction, plant absorption capacity, relocation and resistance mechanisms,
and plant’s ability to leach. Phytoremediation is primarily being used for remediation of soil,
water and sometimes sediments. Several plant species. such as Cardaminopsis halleri (Dietrich
et al., 2021); Bryophyllum, Pinnatum and Zea mays (Mojiri, 2011); Glycine max (Aransiola
et al., 2013); Brassica junica (Dalal & Dubey, 2011); Beta vulgaris (Sharma et al., 2007); and
Thlaspi caerulescens (Zhao et al., 2003), have been reported to have a great performance in
phytoremediation process.

Microbial remediation

Microbes play an important role in the process of bioremediation because of their great
proficiency, easy processability and lack of secondary pollution from contaminated soil, silt and
effluent water (Chen et al., 2005; De et al., 2008). Further, microbes can adapt quickly to extreme
conditions such as hazardous chemicals, wide temperature variation, and presence or absence
of oxygen Vidali (2001). However, Liu et al. (2017) reported the dependence of microbial
remediation on various environmental and certain other factors, such as pH, heat, valance state
of heavy metals, etc., for bioremediation of heavy metals using bacteria and fungi. Fungal
strains such as Aspergillus niger, Penicillium Chrysogenum and several bacterial species like
Bacillus subtilis and Rhizopus sp. have shown excellent performance in hazardous environment
(Nakajima & Tsuruta, 2004). Liang et al. (2003) has reported that an increase in temperature
may result in the enhancement of microbial metabolism along with the enzyme activity, and
in turn further increases the process of bioremediation of heavy metals. Similarly, Bandowe et
al. (2014) has also reported that the PAH and heavy metal bioremediation system being highly
influenced by temperature because the bioavailability of PAHs and heavy metals improves by
the solubility of these substances with increase in temperature. The bioremediation fate of PAHs
and heavy metals has been reported to be significantly influenced by low molecular weight
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organic and humic acids, which are widely distributed in soils and ground water. By using
ion exchange, surface adsorption and coordinate complexation, these acids can influence the
behavior of heavy metals (Wu et al., 2003; Qin et al., 2004). Zhang et al. (2016) observed that
co-existing of PAHs facilitate the adsorption of heavy metals in microbial remediation because
both the pollutants can shift between weakly bound and firmly bound fractions. This is possibly
due to rather uniform adsorption sites on the microorganisms or particles due to which the
increased adsorption of heavy metals may limit the adsorption of other PAHs. However, Shen
et al. (2006) reported that PAHs play an important role in microbial remediation process, and
the transport of heavy metals on the bio-membrane can be altered when PAHs have a negative
impact on microbial membranes. This is possible because PAHs may narcotize bacteria and
interact with lipophilic bio-membrane components, thus changing the permeability of the bio-
membrane and allowing heavy metals to enter microbial cells easily. Liu et al. (2017) observed
that some heavy metals, such as Cu and Zn, are essential for the biological functions of bacteria,
but others have no biological value and simply cause oxidative damage, denaturing organisms
and reducing the capacity of microorganisms to remove heavy metals from the environment
through bioremediation (such as Cr and Cd). Xu et al. (2012) reported that excessive amounts of
any trace metal concentrations can become toxic to microbes, and thus hinder the bioremediation
of metals. Higher concentrations of heavy metals have been regarded as harmful to microbes
because they can impersonate active sites or denature protein structures, and stop enzymes or
proteins from doing their jobs. Further, heavy metals can also interact with proteins’ sulfhydryl
groups and have anoxic effects on proteins or enzymes (Guo et al., 2010).

In spite of the fact that heavy metals are unbreakable, they can be made less toxic to the
environment by chelating with chelators through chemical or physical remediation or by shifting
the valence through a redox reaction that in turn produces secondary pollutants (Fan et al., 2008).
Using the principal of valency shifting through redox reaction, mechanism of metal removing
techniques of biological processes like phytoremediation and microbial remediation can be
carried out effectively (Wu et al., 2010). Despite numerous advantages and high efficiency,
the biological processes are time consuming and occupy a good amount of space. Further, in
microbial remediation, the bonding between metal and microbial cell can be detachable and thus
the metals can be released back in the environment when the microbe is dead or decomposed.
Being environment friendly and economically viable, microbial remediation techniques make
metal less toxic without any side effects on the environment (Ma et al., 2016).

PHYSIO-CHEMICAL REMEDIATION

Physio-chemical remediation methods are a blend of physical and chemical processes so
as to harness better outcome by utilizing the merits of physical and chemical methods. The
hybrid remediation processes can be applied to soil and water media through in-situ and ex-
situ techniques. It is an eco-friendly and cost-effective process for metal removal from the
contaminated environment. The hybrid physio-chemical remediation includes soil washing,
permeable reactive barrier (PRBs) and ultrasonic leaching.

Soil washing

Soil surface washing method is a blend of physical and chemical processes, and is quite
useful for removal of metallic pollutants from soil. In order to get better outcome, chelating
agents like EDTA, sodium per-sulphate, citric acid, etc. are used to pull out metals like copper,
nickel, zinc and lead. The process is influenced by particle diameter, sinking speed, specific
gravity, surface composition, and magnetic characteristics of the contaminated soil (Wuanna &
Okieimen, 2011). It is a widely used process as it requires less liquid for washing, cheap and
efficient method for removing metals from soil. However, apart from the advantages, there are
many limitations of this process which confines its use. These include — soil contaminated with
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heavily bonded metal, concentration of metal in the soil, exterior structure and moisture content
in the soil (Dermont et al., 2008).

Permeable reactive barriers (PRBs)

PRB is a promising remediation approach for the integrated management of polluted water —
acid mine drainage (AMD), groundwater or industrial wastewater that can be used in-sifu or ex-
situ. In PRB technology, a permanent, semi-permanent or replaceable reactive media is placed
in the sub-surface across the flow path of a plume of polluted water under natural gradient so as
to create a passive treatment system for decomposing, aggregating, sequestering or converting
the pollutants present in polluted water flow. Typical reactant media contained in the PRBs
include media designed for degrading volatile organics, chelators for immobilizing metals, or
nutrients for microorganisms and with a porous material (such as sand) so as to enhance the
flow of polluted water through the barrier.

Sorption process in PRB is simple and effective. Apak et al. (1998) suggested a mechanism
wherein red mud acted as PRB to extract fine particles of Fe, Al. Si, Cd, TiO and OHs. In a
similar study, Komnitsas et al. (2004) demonstrated the ability of red mud to remove metals
from acid mine drainage (AMD). In both these studies, red mud has been discovered to have
strong surface reactivity and the capacity to extract metals from acid mine drainage (AMD) and
wastewater.

Biological barriers in PRB is often employed in designed passive bioreactors for the
microbial conversion of hazardous chemicals. Several research studies reported ways to alter
the redox conditions or supply substrates so as to assist naturally occurring bio-degradative
systems (Barbaro & Barker, 2000; Fang et al., 2002). To enable the biodegradation of pollutants
that pass through the biological barrier in PRB, biological reactive zones primarily depend
on dissolved nutrients, nutrients injected into the area, and nutrients delivered to the area.
Furthermore, it might be necessary to regularly replenish the media. This PRB method is low-
performance and depends on nutrients for pollutant biodegradation. Also bio-clogging, which
causes reduction in water saturation and hydraulic conductivity, may reduce the effectiveness
of in-situ biological barriers in PRBs (Seki et al., 2006).

Ultrasonic leaching

The ultrasonic leaching method of metal remediation uses sonication and fragmentation
along with an acidic solution and contaminated material. Dermont et al. (2008) reported the
requirement of high acidic (sulphuric, nitric and hydrochloric acid) assist medium to maintain
low pH (1.5-2.0) for ultrasonic leaching of metals. During the ultrasonic leaching process
with the solution having pH of 0.75, almost 95% of Cu, 82% of Zn, and 87.3 % of Pb were
solubilized as reported by Sharma et al. (2018). The metal removal efficiency further improves
when combined with the electro-kinetic process. Despite high removal efficiency, the process
has limited use as being applicable in low pH medium.

PHYSIO-BIOLOGICAL METHODS

Physio-biological remediation methods are a blend of physical and biological processes so as
to improve the efficiency and versatility by utilizing the merits of both. The physio-biological
hybrid remediation processes are environment-friendly and economical that can be applied
to soil and water media through in-situ and ex-situ techniques. The hybrid physio-biological
remediation includes bio-electrokinetic and immobilized biosorption techniques.

Bio-electrokinetic method
This method is most appropriate for remediating polluted soil, where microbiological and
electrokinetic activities are combined to clean the waste. Due to the simultaneous dissolution
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of metals as an electrolyte and accumulation of metals on the electrode, the integrated approach
of bioleaching and electrokinetic treatment seems favorable (Peng et al., 2011). This hybrid
technique was applied by Peng et al. (2011) to remove Zn (up to 99 %) and Cu (up to 78.61%).
The potential of this remediation technique needs to be explored along with the combination of
different methods.

Immobilized biosorption

Soil or fermented wastes have several functional chemical groups (such as -CO, -NH,
-OH, phosphate, sulphydryl, and sulphate) that are important for sorption process. Bio-
sorbents may include living creatures (such crustaceans, seaweeds, and moss) and agricultural
residues including defatted rice bran, whey, straw, sawdust. Activated sludge is a typical
biomass rich in microorganisms, such as bacteria, yeast, fungi, and algae. Tiwari et al. (2017)
used biomass of Agrobacterium capsuled with nanoparticles of iron oxide for lead adsorption,
and reported quite encouraging results showing 192 mg/ gm of adsorption. The study by Rani
et al. (2010) used immobilized isolates and dead cells of three different microbial strains of
bacteria — Bacillus sp., Pseudomonas sp. and Micrococcus sp. All strains displayed excellent
biosorption for metals with immobilized isolates — biosorption by Bacillus sp. of Cu was 69.34
% in immobilized cell and 44.73 in dead cells; biosorption by Pseudomonas sp. of Cd was 90.41
% in immobilized cell and 86.66 % in dead cells; biosorption by Micrococcus sp. of Pb was
84.27 % in immobilized cell and 79.22 % in dead cells. Immobilized biosorption technology
offers several advantages over conventional procedures, including improved bioremediation
efficiency, better durability, and recyclability (Wang & Chen, 2009; Rani et al., 2010).

CHEMICAL-BIOLOGICAL REMEDIATION

Pradhan et al. (2017) has suggested that chemical and integrated biological method is more
efficient for wastewater contaminated with metals. By adopting this hybrid technology based on
the production of bacterially produced hydrogen sulphide, Luptakova et al. (2012) demonstrated
sequential precipitation and removal of Cu**, Zn** and Fe** in the form of sulphides, and AI**,
Fe?" and Mn?*" in the form of hydroxides from acid mine drainage. Sharma & Malviya (2014)
reported 62 % of total chromium removal from the given waste water by using Fusarium
chlamydosporium. Although the fusion of chemical and biological methods for remediation
have demonstrated notable out-comes; the major limitations include — longer incubation time,
toxic secondary products, fluctuations in the process of biodegradation, and generation of large
quantity of sludge (Lohner & Tiehm, 2009).

ENVIRONMENTALLY SOUND MANAGEMENT (ESM) OF E-WASTE

E-waste recycling is one of the sustainable solutions for dealing with the high tonnage of
e-waste in the environment, both in developed and developing countries, and is critical in
achieving a progressive circular economy (Isernia et al., 2019). India and some Asian, African
and Latin American countries such as China, Vietnam, Kenya, Nigeria, Ghana, Mexico, Brazil,
etc. are actively involved into the e-waste recycling business. Though formal e-waste recycling
practices are beneficial to the environment and human health, they are not widely practiced
especially in developing countries. Instead, the majority of recycling practices in developing
countries are informal (Ignatuschtschenko, 2017), thus exposing the workers to e-waste hazards,
as well as exposing the environment to e-waste contaminants.

To protect the human health and environment, formal scientific e-waste recycling regulations
and facilities are required to be established that needs to conduct Environmentally Sound
Management (ESM) of e-waste. ESM may be defined as “taking all practicable steps to ensure
that used and/or end-of-life products and wastes are managed in a manner which will protect
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Fig. 3. Flowchart Depicting ESM Application in an E-waste Recycling Plant

human health and nature.” To achieve this, there are seven designated ESM criteria as outlined
herein:

e commitment of top management to a systematic approach;

e risk assessment;

e risk prevention and minimization;

® legal requirements;

e awareness, competency, and performance measurement;

e corrective action; and

e transparency and verification.

Garlapati (2016) has also suggested certain steps to be incorporated in recycling facilities
to ensure ESM of e-waste, that has been presented in the form of a flow diagram for better
illustration in Fig. 3. Recycling facilities needs to be updated adequately to reuse discarded
EEE because costly resources should be extracted and dismantled only if they cannot be put
to reuse. There are many other parts such as — capacitor, circuit boards and plastic, that can
be reused (CII, 2006). Thermo-chemical treatment of such wastes is preferred as it provides
enough efficient energy and material recycling; and the oil recovered from this can be used as
fuel for burners (Kantarelis, 2011). The plastic waste from WEEE also serve as a raw material
for hydrogen production through two-stage reaction system of pyrolysis—gasification (Acomb
et al., 2013). While Gangadharan et al. (2015) suggested that a liquid crystal coated polaroid
glass electrode collected form computer monitor and electrodes can be used in microbial fuel
cell.

In order to avoid the increasing contaminated landfill sites and to protect the impact of
e-waste on health and environment, more and more countries worldwide are coming up with
new policies and regulations so to take care of their waste by working hand in hand with e-goods
maker and jointly implementing Extended Producer Responsibility (EPR) laws (Garlapati,
2016; Wagner et al., 2022).

E-waste Policy and Regulations in India

For effective management of e-waste on a national scale, regulations and monitoring laws
related to Extended Producer Responsibility (EPR) are essential. EPR includes tools like Life
Cycle Assessment (LCA), Material Flow Analysis (MFA) and Multi Criteria Analysis (MCA)
to control and regulate e-waste menace. The policy level acts, rules guidelines and initiatives in
India regarding e-waste have been chronologically summarized in Table 3:
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Table 3. Chronological Summary of E-waste related Acts, Rules and Guidelines in India

Act / Rules

Scope and Key Features

Atomic Energy
Act, 1962

Deals with standards of controlling radioactive substances and cautious disposal of
radioactive wastes.

The Hazardous
Wastes
(Management
and Handling)
Amendment
Rules, 2003:

For the first time, e-waste found mention in the regulations but without any detailed
explanation.

E-waste has been defined in Schedule-3 as "Waste Electrical and Electronic
Equipment (WEEE), along with all items, parts and components, and their subdivisions,
excluding batteries under", in synchronization with the Basal Convention definition.

Guidelines for
Environmentally
Sound
Management
(ESM) of
E-waste, 2008

E-waste categorized as per its configuration, emphasizing on the way it is treated
and recycled.
The concept of "Extended Producer Responsibility (EPR)” has been incorporated.

. The standards specified under Schedule-I apply to every manufacturer, purchaser,
and management facility that handles the disassembly and recovery of e-waste.
. All machinery and consumables (EEE) manufacturing, as well as those items that

are functional at the time of disposal, are subject to the implementation and operation of
Schedule-I rules.

. Restrictions imposed on the use of dangerous substances in small quantities as
well, including limits for heavy metals like Cd, Pb, Hg, hexavalent chromium, and PBDs.

Fl\-/[‘zzztgemen t According to these regulations, the producer is required to maintain a record of the metals
and Handling) and comp oun@s used. . . . .

. Any item or commercial product that has a substantial amount of uncertainty will
Rules, 2011 . L,

be compared against Schedule-I components before a decision is made by competent

authority.

. The machine used to manufacture electronic devices is not covered under these

Rules; however, the residual items that it produces must be directed to the scrap yard where

they must be repurposed entirely.

. The Central, and State Pollution Control Boards are the governing agencies in

charge of overseeing the implementation of the Rules.

The amendments mainly focused on —

. Extended Producer Responsibility plans and targets, set offs, and transfer EPR in
E- waste case of sale or transfer of assets by the producer;
(Management) . Levy of financial penalties on the manufacturer, producer, importer, transporter,
Amendment refurbisher, dismantler and recycler for any violation of the provisions under these rules;
Rules, 2018 and

. Withdraw or recall of the product from the market not complying the regulations

within a reasonable period.

The new revised rules ensured Environmentally Sound Management (ESM) of e-waste with

the inclusion of following provisions—

. The rules apply to every manufacturer, producer, refurbisher, dismantler and
E-waste recycler involved in manufacture, sale, transfer, purchase, refurbishing, dismantling,
(Management) recycling and processing of listed e-waste or EEE, including their components,
Rules, 2022 consumables, parts and spares which make the product operational.

. The rules hall not apply to — waste batteries as covered under the Battery Waste
Management Rules, 2022; packaging plastics as covered under the Plastic Waste
Management Rules, 2016; micro enterprise as defined in the Micro, Small and Medium
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Continued Table 3. Chronological Summary of E-waste related Acts, Rules and Guidelines in India

Act / Rules Scope and Key Features
Enterprises Development Act, 2006; and radio-active wastes as covered under the
provisions of the Atomic Energy Act, 1962.
] Registration and certification of manufacturer, producer, refurbisher and recycler
made mandatory for EEE under Extended Producer Responsibility Framework. Their
responsibilities have also been defined and documented, along with the responsibilities of
State Governments or Union Territories.

" Guidelines for reduction in the use of hazardous substances in the manufacture of
EEE and their components or consumables or parts or spares.
] Guidelines for imposition and collection of environmental compensation on any
entity in case of violation of any of the provision of these rules.
. Detailed categories with code of EEE including their components, consumables,
parts and spares.
" Year wise e-waste recycling targets (by weight) to be achieved.
] Ensure ESM of waste batteries.
] Cover all types of batteries, including electric vehicle, portable, automotive, and
Battery Waste industrial batteries.
Management ] Based on the concept of EPR, where the producers are responsible for the
Rules, 2022 collection and recycling/refurbishment of waste batteries, and the use of recovered materials
from waste into new batteries.
= Establishment of environmental compensation fund.

CONCLUSION

The disposal and remediation techniques for polluted sites have been the key concerns in the
field of environmentally sustainable management (ESM) of e-waste, particularly in developing
countries wherein the indigenous and dumped e-waste is being treated by primitive recycling
methods due to cheaper human resources and less stringent by laws coupled with source of
income and employment for under-privileged in these countries. As a consequence, the overall
environment is being degraded due to the increasing landfills/landscapes by e-waste. So,
disposal and remediation techniques for polluted sites have been the key concerns in the field
of environmentally sustainable management (ESM) of e-waste.

The present review revealed that of among all the classic and hybrid remediation techniques,
the biological remediation techniques needs to be explored for metal removing from
contaminated environment. The biological remediation techniques are not only eco-friendly
but cost effective as well. Although, biological remediation is slow but they can be even more
productive if given more time and research investments. The review also concludes that there is
an imminent necessity of ESM by framing and implementing regulations and laws essentially
incorporating Extended Producer Responsibility (EPR) in developing countries. The review
of Indian scenario also revealed potential scope of startups for the sustainable recycling of
e-waste to achieve healthy environment, employment and economic opportunities in developing
countries. It is, therefore, recommended that the governments should encourage the startups for
the sustainable recycling of e-waste (Cucchiella et al., 2015; Kaper et al., 2015) by supporting
them technologically and financially.
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