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Preface

This book provides guidance on assessment and management of radioactive and 
electronic waste. It refers to those wastes classified as unwanted materials generated 
from nuclear and industrial activities. These wastes impose the need to modify or
change the character of raw or primary materials available to support or sustain the
disposal of radioactive and electronic waste or new reuse in case of electronic waste. 
The development and application of approaches and technologies that provide
economic and safe management is an essential issue in the treatment and disposal 
of hazardous wastes.

The authors have summarized their experience and present advances in relevant
fields related to assessing the management of these materials. The book contains
five chapters, organized in three sections that cover important research aspects of
hazardous waste management technologies. The first section is an introductory
chapter prepared by the editor to present a brief background on the generation, 
composting, types, and management of hazardous waste.

The second section presents the biological assessment and remediation of hazard-
ous wastes. It comprises two chapters that deal with the toxicity testing bioassay
using Aremetia spp. as a biological model. The use of this model is widespread due
to its advantages. The first chapter is prepared by Yin Lu and Jie Yu. The second 
chapter, Phytoremediation of hazardous radioactive wastes, is prepared by Deepak
Yadav and Pradeep Kumar.

The third section presents recycling and disposal of electronic waste, where Lucier
and Gareau present the handling and regulation of e-waste as both a hazardous
waste stream and as a source of secondary raw materials in the past decade. Okorhi 
Johnson prepared the last chapter in this book and it covers conducting the wastes
from Industrialized Nations: A Socio-economic inquiry on E-waste Management for
the Recycling Sector in Nigeria.

The editor wishes to thank all the participants in this book for their valuable con-
tributions and to Ms. Nina Kalinic Babic for her assistance in finalizing the work. 
Acknowledgment for the IntechOpen staff members responsible for the completion
of this book and other publications for free visible knowledge.

Hosam El-Din Mostafa Saleh
Atomic Energy Authority of Egypt,

Cairo, Egypt
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Chapter 1

Introductory Chapter: Hazardous 
Wastes
Hosam M. Saleh and Samir B. Eskander

1. Introduction

Hazardous wastes can be defined as materials and equipment generated due to 
either natural or various anthropogenic activities and spiked with hazard ingredi-
ents, which there is no further use as well. Therefore, hazardous wastes are materi-
als, direct disposal of which can pose threats to man and his environment. They can 
be explosive, flammable, oxidizing, poisonous/infectious, radioactive, corrosive 
and/or toxic [1].

According to the Resource Conservation and Recovery Act (RCRA) [40C.F.R. 
261.31-33], a hazardous waste can be defined as a spiked material that poses a 
substantial threat to human health and/or his environment when segregated, 
sorted, handled, treated, stored, transported and disposed of under improper as 
well as uncontrolled conditions. Moreover, as spiked material, it has the capa-
bility to cause or can contribute to elevate mortality or a rise in epidemic and 
dangerous illness.

Hazardous waste generation and accumulation are the most acute brain teaser 
within the last two centuries, opposing world attention and priority for decision-
making. Since the industrial revolution started, the hazardous wastes problem 
caused great and broaden damage to man’s Ecosystems, therefore, it becomes an 
issue of serious not only for national but also for international concern [2].

Department of Environment and Energy, Australian Government, prescribed 
hazardous waste as which has any of the following characteristics: explosive; 
flammable liquids/solids; poisonous, toxic, ecotoxic; infectious substances, clinical 
wastes; waste oils/water, hydrocarbons/water mixtures, emulsions; wastes from 
the production, formulation and use of resins, latex, plasticizers, glues/adhesives; 
wastes resulting from surface treatment of metals and plastics; residues arising 
from industrial waste disposal operations; wastes which contain certain com-
pounds such as copper, zinc, cadmium, mercury, lead and other heavy metals and 
asbestos; household waste; or residues arising from the incineration of household 
waste [3].

However, the US Environment Protection Agency (EPA) summarized that into 
four characteristics [4]:

• Ignitability or something flammable

• Corrosivity or something that can rust or decompose

• Reactivity or something explosive

• Toxicity or something poisonous (EPA, USA, etc.)
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Hazardous waste-generating facilities can be differentiated into categories in 
accordance with the monthly amount of hazardous waste delivered. There are 
three categories, viz. large-quantity generators (LQGs), small-quantity genera-
tors (SQGs) and conditionally exempt small-quantity generators (CESQGs). To 
be nominated as a LQG, facility should throw more than 1000 kg of hazardous 
waste per month. Small-quantity generators generate between 100 and 1000 kg per 
month, while the third category, namely, CESQG facility, delivered less than 100 kg 
of hazardous waste each month [5, 6].

The nomination of the most famous categorization and the classification of 
hazardous waste are those based on the source that generates this waste and which 
can be distinguished from industrial waste, arisen from various industrial facilities; 
radioactive wastes generated due to the applications of radioisotopes in different 
fields of our life; medical, and pharmaceutical wastes, that are collected from health 
care facilities (HCFs), and so on ….

Healthcare waste (HCW) can be defined as the total wastes which are generated 
from a healthcare facility and would comprise non-hazardous or general waste and 
hazardous HCW. Besides, it includes the identical types of waste arisen from minor 
and scattered sources; the non-hazardous HCW is nominated as waste that does not 
pose any particular biological, chemical, radioactive or physical threats to man or 
to the environment. This group of waste con is managing following the municipal 
waste management hierarchy. The hazardous health care wastes (HHCWs) are 
considered the most crucial part of waste generated from the healthcare facilities 
due to their dangerous impacts on human and his ecosystems.

The main generators of healthcare waste are hospitals and other health facilities; 
limited medical centres; clinical centres, laboratories and research centres; mortu-
ary and autopsy centres; animal research and testing laboratories; blood banks and 
collection services; laboratories for medical analysis; and nursing homes for the 
elderly [7].

Between 75 and 90% of the wastes generated by healthcare facilities that mainly 
resemble domestic wastes, therefore, are denoted as “non-hazardous” or “general 
healthcare wastes.” They are collected mostly from the administrative, kitchen 
and housekeeping functions at healthcare facilities and may also include unspiked 
packaging waste and waste generated during maintenance of healthcare facilities. 
The remaining 10–25% of HCW are considered as “hazardous healthcare wastes” 
and can pose extensive environmental and health threats [8].

It is worth to state that pharmaceutical waste is not onefold category of waste but 
many and variable; moreover the chemicals that constitute pharmaceutical dosage 
forms are complex and variable. Healthcare wastes comprise sharps; non-sharps; 
disposable syringes and plastic equipment; blood, body tissue and parts, patient’s 
excretions, chemicals and pharmaceuticals; chemotherapy ingredients; medical 
devices; and empty solution bags, bottles and containers, in addition to radioactive 
materials. The hazardous HCW can be classified into the following waste main 
groups:

2. Infectious waste

This group of wastes is assumed to contain pathogens (or their toxins) in a 
concentration that can be disease sources to a host. This group includes discarded 
materials or equipment, used for the diagnosis, and treatment of disease that 
has been in contact with body fluids, e.g. dressings, swabs, nappies, blood bags, 
etc., in addition to liquid waste comprising faeces, urine, blood, sputum or lung 
secretions.
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3. Anatomical waste

Anatomical waste is a pathological category of hazardous HCW and includes 
body organs and tissues. Whether they can be infected or not, anatomical wastes are 
denoted in most cases as potential infectious wastes.

4. Radioactive waste

The most commonly used radioisotopes in healthcare facilities (HCFs) are tech-
netium mTc-99 and gadolinium Ga-68 in therapeutic generators and cobalt Co-60, 
iodine I-131 and iridium Ir-192 for diagnosis and treatment. Low-level radioactive 
wastes are mainly the waste category generated in HCFs due to the applications of 
radioisotopes.

5. Hazardous pharmaceutical waste

Hazardous pharmaceutical wastes are a part of HCW generated not only in 
hospitals and medical centres but also in pharmacy. They comprise contaminated, 
spilt, unused and expired pharmaceutical products, as well as drugs and vaccines, 
and in addition discarded items used in the handling such as bottles, vials and con-
nect tubing.

An important item of this category is all the drugs and equipment used for the 
mixing and administration of cytotoxic drugs. Cytotoxic drugs are used in chemo-
therapy treatment for cancer.

6. Sharps

Sharps are considered the most dangerous and highly infectious wastes gener-
ated at HCFs. They include needles, some surgical tools, syringes, disposable scal-
pels, blades, etc. Those items can result in cuts and punctured wounds; therefore, 
they should be collected, packed and handled in an extremely safe, controlled and 
proper method in the generation points to ensure the safety of the working staff.

7. Highly infectious waste

Body fluids of patients, with highly infectious diseases, microbial cultures and 
highly infectious stocks constitute what is named as the highly infectious wastes in 
the HCW scheme and are generated, mainly, from medical analysis and research 
laboratory activities.

8. Genotoxic/cytotoxic waste

This group of waste is accumulated from drugs generally used in oncology or 
radiotherapy units. It has high hazardous mutagenic and/or cytotoxic impacts. 
Excretions of cytotoxic drug- or chemically treated patients, i.e., faeces, vomit or 
urine, must be included as genotoxic waste. In specialized cancer treatment facili-
ties, the controlled and proper treatment and safe disposal should be followed 
strictly to avoid contamination of the surrounding environment.
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9. Hazardous chemical waste

Chemical waste covers the discarded chemicals that are collected after the 
disinfecting procedures or cleaning processes and generated in solid, liquid or 
gaseous form. They can be hazardous, i.e., toxic, corrosive, flammable, etc., and 
should be handled, treated and disposed of following the stated issues. Otherwise, 
the nonexplosive residues or small contents of outdated products can be treated as 
infectious waste.

Bulk chemotherapy waste is, also, managed as hazardous chemical waste and 
must be collected in hazardous waste containers. Firm management hierarchy 
should be applied for treating all bulk chemotherapy agents as hazardous waste 
when discarded.

10. Waste with a high content of heavy metals

Waste streams that have high concentration of heavy metals and their deriva-
tives pose threats to healthcare facility as potentially highly toxic materials, e.g. 
cadmium or mercury from thermometers or manometers. They are categorized as a 
sub-group of chemical waste but should be managed separately.

The improper management of the hazardous healthcare wastes puts the health-
care workers, waste handlers and the community under the threats of infections, 
toxic impacts and injuries including damage of the environment. It also provides 
possibility for the segregated disposable medical equipment, to be resoled and 
reused, before their disinfection and sterilization, which can be a serious source for 
of epidemic disease for surrounding ecosystem [9].

It is conspicuous that hazardous materials being sold by a store, as pharma-
ceuticals, are not a hazardous waste until they are become expired. In general, 
the generator has to clearly decide that the material is a waste. In this trend, 
materials that can be sent to a reverse distributor must still be managed as a 
product, till the reverse distributor decides to dispose of the item. Loose pills, 
partial drug packages without all of the information on them, etc. are counted 
as waste and must be properly handled by the generator and/or the reverse 
distributor. In other words, for pharmaceutical products that meet the defini-
tion of a hazardous waste, their segregation, sorting, handling, transportation, 
treatment and final disposal must be carried out under the controlled rules. 
However, when these drugs are disposed of by the consumer, known as “ulti-
mate user,” then they are not counted a hazardous waste, since they are catego-
rized as the exempt household waste. On the other hand, expired or un-needed 
pharmaceuticals at healthcare facilities, e.g., hospitals, pharmacies, medical 
centres, clinics, or other places dealing with drugs as business, are required to 
be managed as hazardous waste.

11. Hazardous waste management hierarchy

The management of hazardous wastes is a system carried out in sequences aim-
ing at avoiding the escape of the harmful components from the waste to the man’s 
surrounding environment. This hierarchy usually starts with segregation of the 
hazardous waste and is terminated by its final disposal. The source reduction can be 
considered as an issue in the HCW management topics even it takes place at every 
point of any production [10].
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The methodology of a proper hazardous waste management hierarchy includes 
the upcoming processes in consequences: segregation and sorting, treatment, 
stabilization and solidification, storage and then final disposal (Figure 1). The full 
goals of this hierarchy, however it performed; when and wherever it carried out, 
are keeping human and his ecosystem safe, clean and tidy, moreover not burden the 
coming generation the hazardous problem due to our achievement.

However, pharmaceutical wastes are considered as a category of the healthcare 
waste, even though the healthcare professionals, always, do not pay the adequate 
attention to their proper management. There are a number of misconceptions 
regarding the proper methods for segregating, handling and treatment and dispos-
ing of this waste, markedly, at the low-income countries. It is worth to state that 
high-income countries (HICs) generate nearly up to 0.5 kg of hazardous waste/
hospital bed/day; on the other hand, low-income countries delivered, only, about 
0.2 kg. Even so, it is rare to find the healthcare wastes being separated into hazard-
ous or non-hazardous wastes in LICs.

The main aim for treating/managing hazardous healthcare wastes is to convert 
it into to less or non-hazardous materials and stabilize their infectious, toxic and/or 
radioactive components by various techniques of solidification and encapsulation.

Many treatment methods have been used for healthcare wastes aiming at mini-
mizing the threats of their hazard components and/or reducing the volume of the 
waste before disposal. Incineration of waste is the most widely applied technique 
for treatment of HCWs [11]. To avoid the disadvantages of incineration process, 
alternative methods have been applied such as pyrolysis [12], microwaving [13], 
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sterilization [14], steam treatment [15], thermal processing [16], wet oxidation 
[17] and many others.

The disposal of untreated or treated and solidified healthcare wastes must be 
undertaken in well-constructed landfills and in proper ways to eliminate the prob-
ability of the contamination of drinking, surface and groundwater.

12. Recommendation

Of the whole segregated waste generated by healthcare activities, nearly 85% is 
non-hazardous waste; the remaining 15% is regarded as hazardous material that can 
be infectious, toxic or radioactive. The terrible risks imposed by the unsafe, uncon-
trolled and improper management hierarchy, including the disposal of healthcare 
wastes in general, and their hazardous category, definitely, have long been approved 
all over the world. Insignificant and imperfect management of the healthcare waste 
puts healthcare human resources, waste handlers and transporters, and moreover 
the surrounding ecosystems, under the threats of infections, toxic impacts and 
damages.

Therefore, more researches, studies and efforts have to be undertaken through 
the World Health Organization (WHO) to raise awareness of the problem creating 
national and international action plans and to find the solutions, especially in the 
low-income countries. The WHO has to promote aids on the basis of the well-
known five topics: management, training, regulatory and financial issues as well as 
technologies [18].
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Chapter 2

A Well-Established Method for 
the Rapid Assessment of Toxicity 
Using Artemia spp. Model
Yin Lu and Jie Yu

Abstract

Rapidly, relevantly, and efficiently toxicity assessment is the basis of continuous 
investigation and control of environmental contaminants. Artemia sp. is usually 
used as a biological model in cost-efficient bioassays under laboratory conditions 
to determine toxicity based on its advantageous properties of rapid hatching, easy 
accessibility, and sensitivity to toxic substances. The three sensitive endpoints of 
acute mortality, acute cyst hatchability, as well as behavioral response (such as 
swimming speed) are commonly used as evaluation criteria. The establishment of 
international standards for toxicity assessment of Artemia spp. is necessary. Further 
research is needed to obtain valuable insights from a biological perspective and for 
bio-conservation purposes.

Keywords: Artemia, toxicity assessment, mortality, hatchability, swimming speed

1. Introduction

Toxicology is the science of researching on the negative effects that chemical or 
physical agents may exert on living organisms under particular exposure conditions. 
It is a science that attempts to evaluate all the hazards, such as molecular toxicity, 
cytotoxicity, organ toxicity, etc., that are associated with a substance, as well as to 
quantitatively determine the exposure conditions under which these hazards or 
toxicities are induced [1, 2]. Additionally, toxicology is the science that studies the 
occurrence, character, frequency, mechanism, and risk elements associated with the 
adverse effects of toxic substances [2].

Many biological models can be applied for toxicity evaluation. Cell culture 
system is often used in vitro because it is economical and time-saving. But it is very 
difficult to infer the health of the whole organism, including humans, only from the 
results of in vitro cell tests. On the contrary, in vivo studies may provide improved 
prediction of biological reactions in intact systems (whole animal) but are gener-
ally expensive, time-consuming, and often elaborate, requiring extensive facilities 
and infrastructure [3]. Zebrafish (Danio rerio), as a classical model vertebrate 
organism, offers many practical advantages that can overcome these limitations 
to be highly suitable for application in toxicologically relevant research. Zebrafish 
can be employed as an outstanding in vivo model system to evaluate biological 
reactions and is a powerful platform to analyze in detail the mechanisms by which 
substances induce specific biological responses. Further, conditions in high-order 
vertebrates can be inferred from the results obtained using zebrafish because there 
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is a remarkable similarity in cellular structure, signaling processes, anatomy, and 
physiology, particularly in the early stages of development [4–8]. Current estimates 
show that more than 90% of the human open reading frames are homologous to 
those in the genes of this fish [9]. Thus, investigations using this model system can 
reveal subtle interactions that are likely to be conserved across species.

2. Toxicity assessment with Artemia spp. and its advantages

The predominant EU Registration, Evaluation, Authorisation and Restriction 
of Chemicals (REACH) legislation with the aim of sound management of the eco-
environment and protection of human societies promoted the decrease in the use of 
vertebrates and encouraged the use of invertebrates and plants, as well as organ, tissue, 
and cell cultures, as alternative study materials for toxicity and ecotoxicity testing [10]. 
Among various invertebrates screened and assessed to investigate their sensitivity 
to several physical and chemical substances, brine shrimps, Artemia spp., which are 
extremely sensitive to toxicity, stand out as one of the most frequently used species for 
toxicity testing [11] and are recognized and listed by the US Environmental Protection 
Agency [12] as the model organism for toxicity testing and emission monitoring.

Artemia sp. is a crustacean adapted to harsh conditions such as those in hypersa-
line lakes [13], living mainly on phytoplankton [14, 15]. It is closely related to other 
zooplankton such as copepods and daphnia (Figure 1) [16]. Normally, it is routinely 
employed as a test organism for ecotoxicological studies. The molecular, cellular, 
and physiological states of Artemia spp. change dramatically when they are under 
contamination stress [17]. At present, a variety of toxicity tests with Artemia spp. 
have been carried out covering both short-term acute and long-term chronic meth-
ods (Table 1), with the former being the more frequently used. Acute toxicity tests, 
which are highlighted in this paper, mainly assess the effect exposure to relatively 
high concentrations (at a mg/L level) for no more than 4 days (96 h). Toxicity under 
normal conditions is expressed as the lethal concentration causing the death of half 
of the tested animals (LC50) and is also manifested in impeded hatching and swim-
ming behavior. Chronic toxicity tests mainly have to do with the long-term exposure 
to relatively low concentrations (at a μg/L level) ranging from a few weeks up to the 
entire life cycle of Artemia spp. [18].

Figure 1. 
An adult of Artemia spp.: male (left) and female (right).
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Considering the environmental aspect, Artemia spp. nauplii were employed 
to assess the toxicity of various hazardous metal substances such as As, Cr, Sn, 
etc. [19–22]; organic compounds including pharmaceuticals, agrichemicals, etc. 
[23–26]; and environmental media such as wastewater [27], seawater [28], and 
marine discharges [29].

The principal advantages of using Artemia spp. in toxicity testing are as follows: 
(1) rapidity in hatching, (2) cost-efficiency, and (3) commercial availability of 
nauplii hatched from durable cysts, which dispenses with the need for self-culturing 
[30, 31]. Moreover, other significant factors that have been taken into consideration 
include good cognition of its biological and ecological features, small size allowing 
for easy laboratory operation, as well as its well-developed adaptability to diversi-
fied testing conditions [30, 32]. It is noteworthy that the complex adaptive response 
evolved by Artemia to live through and thrive in critical conditions not only explains 
why it is a favorable candidate for toxicity testing but to some extent also offers 
insights with regard to biological and environmental perspectives, which in turn 
might contribute to toxicity testing itself and eventually the well-being of human 
populations. With that being said, the response mechanism developed by Artemia 
to deal with harsh conditions [13] is worth mentioning (see Figures 2 and 3). The 
harsh living condition is exemplified in hypersaline lakes (salty lakes) where Artemia 
is often the only macroplanktonic inhabitant [13]. The survival and reproduction of 

Test type Method Parameter index

Short-term Biomarker AChE

HSP

Fluotox

LP, TBARS, and TRed

GRed, GPx, and GST

ALDH and ATPases

Hatching Dry biomass

Morphological disorder

Size

Teratogenicity

Swimming Speed

Path length

Immobilization Mortality

Long-term Growth Body size

Weight

Morphological disorder

Reproduction Mating

Reproductive rate

Offspring

Immobilization Mortality

PS: AChE = acetylcholinesterase; HSP = heat stress proteins; LP = lipid peroxidation; TBARS = thiobarbituric acid 
reactive substances; TRed = thioredoxin reductase; GPx = glutathione peroxidase; GST = glutathione S-transferase; 
GRed = glutathione reductase; ALDH = aldehyde dehydrogenase; and ATPases = adenyltriphosphatase

Table 1. 
Summary of Artemia short- and long-term toxicity tests [19].
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the brine shrimp Artemia (individuals, populations, and species) subject to critical 
life conditions imposed by salty lakes, as schemed in Figures 2 and 3, may be sum-
marized as follows: (1) Females are able to cope with the forthcoming environmental 
conditions by switching the type of offspring to produce either cysts under stressful 
conditions or free-swimming nauplii under stable conditions, and (2) cysts are 

Figure 2. 
The life cycle and different stages of Artemia as a salty survivor.

Figure 3. 
The reproduction of Artemia brine shrimp (individuals, populations, and species) subject to critical 
life conditions imposed by salty lakes.
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the most environmental stress-resistant among all animal life history forms, while 
motile stages are the best osmoregulators in the animal kingdom [33]. Cysts are gene 
banks that store a genetic memory of historical population conditions. They play a 
role aiding in the dispersal of Artemia and serve as reservoirs of genetic variability 
[34] and the source of evolutionary change and resilience.

3. Application status of the toxicity assessment with Artemia spp.

Ecotoxicological studies employing Artemia spp. as testing species have been 
extensively performed, and among the endpoints that were mainly investigated, 
acute mortality, acute cyst hatchability, as well as behavioral response, as a result of 
their relatively high sensitivity, are commonly used.

3.1 Acute mortality test

Acute mortality is one of the most commonly used endpoints for toxicity testing, 
though there is no standardized protocol based on OECD and ISO regulations. Since 
the establishment of the Artemia Reference Center (ARC-test) and the issuance of 
the first short-term acute mortality (24 h static test) protocol with Artemia larvae 
[35–38], extensive toxicity assessment research using this bioassay has been carried 
out via calculating the median effectiveness concentration on mortality (24 h LC50). 
Besides observation of lethal endpoints for Artemia exposed to reference toxicants 
including CuSO4, K2Cr2O7, and SDS [39, 40], many are related with toxicity monitor-
ing of environmental pollutants such as heavy metals, pesticides, oil drilling fluids, 
organic compounds of ecotoxicological concern, and others [41–44]. Indeed, in the 
wake of various environmental issues challenging humans and living surroundings, 
the importance of toxicity assessment using Artemia has been gradually recognized 
and more frequently employed. The following are two examples in recent years.

The “Brine Shrimp Lethality” study is one of the biological assays to determine 
the safe exposure limit of naturally occurring agents extracted from plants before 
being used as pesticides for crops and for other botanical protections [16]. Crop 
protection is one of the important food safety-related issues and is thus vital to 
human populations worldwide. As crop protection nowadays rely heavily on 
synthetic pesticides [45], the massive use of these pesticides for the purpose of 
killing pests and preventing diseases in plants has inevitably led to several side 
effects such as pest resistance resulting in the use of increased application rates 
[46], harm to nontarget organisms, and environmental contaminations with the 
potential influence on the food chain [47] that might cause pesticide poisoning 
of humans directly. Botanically derived natural products therefore have attracted 
attention among phytochemists. “Brine Shrimp Lethality,” a rapid general bioassay, 
offers a unique advantage in the standardization and quality control of those bioac-
tive compounds that are usually undetectable using traditional physical analytical 
methods. The objective of carrying out the biological assay focuses on establishing 
a cause-effect relationship (Figure 4) between exposure to a hazardous substance 
and an appeared effect expressed by dose-response curve to determine a safe expo-
sure limit [48]. The threshold level as well as the toxicity features obtained from the 
dose-response curves can help determine the safe levels of chemicals in botanical 
extracts and chemical exposure [49]. The threshold information (ThD0.0) measured 
in mg/kg/day and based on the assumption that human beings are as sensitive 
as the tested animals; in this case the brine shrimp Artemia sp. is of paramount 
importance in generalizing animal data to humans and interpolating what might be 
considered a safe human dose for a given chemical.
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the first short-term acute mortality (24 h static test) protocol with Artemia larvae 
[35–38], extensive toxicity assessment research using this bioassay has been carried 
out via calculating the median effectiveness concentration on mortality (24 h LC50). 
Besides observation of lethal endpoints for Artemia exposed to reference toxicants 
including CuSO4, K2Cr2O7, and SDS [39, 40], many are related with toxicity monitor-
ing of environmental pollutants such as heavy metals, pesticides, oil drilling fluids, 
organic compounds of ecotoxicological concern, and others [41–44]. Indeed, in the 
wake of various environmental issues challenging humans and living surroundings, 
the importance of toxicity assessment using Artemia has been gradually recognized 
and more frequently employed. The following are two examples in recent years.

The “Brine Shrimp Lethality” study is one of the biological assays to determine 
the safe exposure limit of naturally occurring agents extracted from plants before 
being used as pesticides for crops and for other botanical protections [16]. Crop 
protection is one of the important food safety-related issues and is thus vital to 
human populations worldwide. As crop protection nowadays rely heavily on 
synthetic pesticides [45], the massive use of these pesticides for the purpose of 
killing pests and preventing diseases in plants has inevitably led to several side 
effects such as pest resistance resulting in the use of increased application rates 
[46], harm to nontarget organisms, and environmental contaminations with the 
potential influence on the food chain [47] that might cause pesticide poisoning 
of humans directly. Botanically derived natural products therefore have attracted 
attention among phytochemists. “Brine Shrimp Lethality,” a rapid general bioassay, 
offers a unique advantage in the standardization and quality control of those bioac-
tive compounds that are usually undetectable using traditional physical analytical 
methods. The objective of carrying out the biological assay focuses on establishing 
a cause-effect relationship (Figure 4) between exposure to a hazardous substance 
and an appeared effect expressed by dose-response curve to determine a safe expo-
sure limit [48]. The threshold level as well as the toxicity features obtained from the 
dose-response curves can help determine the safe levels of chemicals in botanical 
extracts and chemical exposure [49]. The threshold information (ThD0.0) measured 
in mg/kg/day and based on the assumption that human beings are as sensitive 
as the tested animals; in this case the brine shrimp Artemia sp. is of paramount 
importance in generalizing animal data to humans and interpolating what might be 
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Another example in relation to the Artemia acute toxicity test [50, 51] is for the 
purpose of prevention and reduction of red tides. The red tide induced by algae is 
quite disastrous and may pose a threat to inshore fishery. The poisonous Chattonella 
marina that produces reactive oxygen species (ROS) [52] and hemolytic toxins 
[53] is one kind of red tide-related algae and has caused massive fish death and a 
considerable amount of economic loss in many places around the world. The “Brine 
Shrimp Lethality” study in this regard can help reveal the toxic characteristics of 
Chattonella marina, offer some valuable red tide prevention evidences, and further 
benefit the offshore fishery industry.

3.2 Acute cyst hatching test

Analogous to the acute mortality test, acute cyst hatching testing, which 
observes the retarded emergence of nauplii from cysts [54] or the morphological 
disorders and size of hatched nauplii [55] when exposed to toxic agents, is another 
frequently used assay for toxicity assessment. The hatching toxicity test lasting 
between 24 and 96 h in static conditions was investigated to assess the effect of 
environmentally deleterious agents such as heavy metals [54, 56, 57], organic 
compounds [58, 59], antibiotic drugs [60], and others. As temperature profoundly 
influences the hatching percentage of cysts [61] and significantly affects the chemi-
cals’ effect [62], it is a variable of great interest to be considered while carrying out 
the hatching test, and the use of a full temperature range might help increase the 
ecotoxicological data in an extensive manner.

3.3 Acute behavioral test (swimming speed)

Regarding the acute behavioral test, motion behavior changes in response to 
pollutant exposure have been investigated for a range of aquatic organisms [63–67]. 
In particular, swimming speed as a sublethal behavioral endpoint can be detected 
by employing a video camera tracking system developed by Faimali et al. [63], 

Figure 4. 
Dose-response curve.

19

A Well-Established Method for the Rapid Assessment of Toxicity Using Artemia spp. Model
DOI: http://dx.doi.org/10.5772/intechopen.85730

also known as the Swimming Speed Alteration (SSA) recording system, which has 
already been used on the brine shrimp, Artemia [68]. Moreover, the research results 
of Garaventa et al. [68] and Manfra et al. [69] showed that swimming speed was 
more sensitive than mortality and had a sensitivity similar to and sometimes higher 
than that of the hatching rate endpoint. Therefore, it is a well-defined behavioral 
response and an adaptable endpoint that can be used for ecotoxicity testing. For 
instance, Manfra et al. [69] recorded the swimming speed alteration of Artemia 
exposed to diethylene glycol (DEG), an organic substance ecotoxicological concern, 
and observed a decline in the swimming speed under the toxicant concentration 
of 40–160 g/L after 24 h exposure and 10–160 g/L after 48 h exposure. Another 
example is related with marine pollution such as oil spilling, oil mining, and oily 
water discharge that can greatly threaten human health as contaminants can be 
accumulated in the human body through the food chain. In this regard, Artemia 
spp., as one of the toxicity-monitoring species, is of great importance in the evalu-
ation of the health of the marine ecosystem. Pan [70] investigated the swimming 
speed and motion angle alteration of Artemia exposed to diesel oil. For comparison 
purposes, when experiments were carried out under normal conditions, namely, 
seawater, the swimming speed of Artemia increased by 51%, from 2.47 mm/s at 
the start time to 3.72 mm/s after 12 h exposure on average, and in a similar trend, 
the motion angle of Artemia increased from 25 to 37°. In contrast, when subject to 
diesel oil, the swimming speed of Artemia decreased by 40%, from 2.37 mm/s at the 
start time to 1.42 mm/s after 12 h exposure on average, and in a similar trend, the 
motion angle of Artemia decreased from 30 to 21°.

4. Prospects for development of toxicity assessment with Artemia spp.

To rapidly figure out the deleterious effects brought about by environmental 
toxicants, acute toxicity assessment with Artemia spp. is of paramount importance 
as it shows a decent ability in pre-screening of toxic substances [10] and, thus, will 
be further developed in the future.

Despite the widespread application of this bioassay, there is currently no 
internationally standardized method. Hence, intercalibration exercises as well as 
international standardization activities are rather necessary [71]. Among the three 
frequently used endpoints involving acute mortality, acute cyst hatchability, as well 
as behavioral response, acute mortality was intercalibrated based on the available 
standards [40, 69, 72], while acute hatchability was intercalibrated at the Italian 
level [69]. To make Artemia spp. an international standard model in ecotoxicity 
testing calls for joint efforts engaging all relevant stakeholders including the govern-
ment, NGOs, researchers, industry, consumer associations, and others.

Swimming speed as the most popular behavioral endpoint promises to be of great 
potential. This is because results can be obtained via easy video camera analysis at ease 
and also because the swimming speed is of great ecological significance as the behavior 
alteration means an integral whole body response that can connect the physiologi-
cal and ecological features of an organism with its environment [73]. Nevertheless, 
to better employ this endpoint, the interaction of Artemia spp. with contaminants, 
particularly the mechanisms of response to toxic effect, needs to be illuminated.

One is to believe that owing to the advantages of using Artemia spp. as the 
biological model described in the previous section of this paper, besides toxic test-
ing application itself, application into other environmentally related fields such as 
applied biology might also be put into practice. For example, from a bio-conservation 
point of view, the unique biological characteristics of brine shrimp Artemia make 
it a model organism to evaluate management policies for the protection of aquatic 
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also known as the Swimming Speed Alteration (SSA) recording system, which has 
already been used on the brine shrimp, Artemia [68]. Moreover, the research results 
of Garaventa et al. [68] and Manfra et al. [69] showed that swimming speed was 
more sensitive than mortality and had a sensitivity similar to and sometimes higher 
than that of the hatching rate endpoint. Therefore, it is a well-defined behavioral 
response and an adaptable endpoint that can be used for ecotoxicity testing. For 
instance, Manfra et al. [69] recorded the swimming speed alteration of Artemia 
exposed to diethylene glycol (DEG), an organic substance ecotoxicological concern, 
and observed a decline in the swimming speed under the toxicant concentration 
of 40–160 g/L after 24 h exposure and 10–160 g/L after 48 h exposure. Another 
example is related with marine pollution such as oil spilling, oil mining, and oily 
water discharge that can greatly threaten human health as contaminants can be 
accumulated in the human body through the food chain. In this regard, Artemia 
spp., as one of the toxicity-monitoring species, is of great importance in the evalu-
ation of the health of the marine ecosystem. Pan [70] investigated the swimming 
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purposes, when experiments were carried out under normal conditions, namely, 
seawater, the swimming speed of Artemia increased by 51%, from 2.47 mm/s at 
the start time to 3.72 mm/s after 12 h exposure on average, and in a similar trend, 
the motion angle of Artemia increased from 25 to 37°. In contrast, when subject to 
diesel oil, the swimming speed of Artemia decreased by 40%, from 2.37 mm/s at the 
start time to 1.42 mm/s after 12 h exposure on average, and in a similar trend, the 
motion angle of Artemia decreased from 30 to 21°.

4. Prospects for development of toxicity assessment with Artemia spp.

To rapidly figure out the deleterious effects brought about by environmental 
toxicants, acute toxicity assessment with Artemia spp. is of paramount importance 
as it shows a decent ability in pre-screening of toxic substances [10] and, thus, will 
be further developed in the future.

Despite the widespread application of this bioassay, there is currently no 
internationally standardized method. Hence, intercalibration exercises as well as 
international standardization activities are rather necessary [71]. Among the three 
frequently used endpoints involving acute mortality, acute cyst hatchability, as well 
as behavioral response, acute mortality was intercalibrated based on the available 
standards [40, 69, 72], while acute hatchability was intercalibrated at the Italian 
level [69]. To make Artemia spp. an international standard model in ecotoxicity 
testing calls for joint efforts engaging all relevant stakeholders including the govern-
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Swimming speed as the most popular behavioral endpoint promises to be of great 
potential. This is because results can be obtained via easy video camera analysis at ease 
and also because the swimming speed is of great ecological significance as the behavior 
alteration means an integral whole body response that can connect the physiologi-
cal and ecological features of an organism with its environment [73]. Nevertheless, 
to better employ this endpoint, the interaction of Artemia spp. with contaminants, 
particularly the mechanisms of response to toxic effect, needs to be illuminated.

One is to believe that owing to the advantages of using Artemia spp. as the 
biological model described in the previous section of this paper, besides toxic test-
ing application itself, application into other environmentally related fields such as 
applied biology might also be put into practice. For example, from a bio-conservation 
point of view, the unique biological characteristics of brine shrimp Artemia make 
it a model organism to evaluate management policies for the protection of aquatic 
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resources [74]. Artemia is such a versatile creature that it is a paradigmatic model 
having not only scientific research values but also the ability to satisfy human needs, 
owing to its unique life traits including a well-developed adaptability to high salinity 
conditions as well as easy handling under laboratory conditions, which have been 
successfully applied to marine fish farming that uses Artemia nauplii as food for fish 
larvae. However, the booming marine fish farming activity worldwide is likely to give 
rise to some risks in terms of the high genetic divergence between different Artemia 
species. Exploitation of new Artemia cyst harvesting sites and introduction of an 
exotic species linked to traits relevant to aquaculture can drive other local genotypes 
to extinction. Risk assessment and evaluation of management decisions in exploited 
resources, for instance, the availability of genetic information as well as molecular 
tools for follow-up gene pool monitoring, therefore, become quite necessary in order 
to maintain biodiversity. Gene banks established from cysts collected from various 
sites guarantee population persistence while proceeding with management affairs. 
Taking into account the simple constitution of hypersaline habitats, the evaluation 
of population/species persistence with Artemia can be modeled in laboratories and 
further extrapolated to other species, offering some of the aspects regarding rational 
aquatic resource utilization and, more importantly, biodiversity preservation.

5. Conclusions

After more than five decades of use in ecotoxicology, Artemia spp. have dem-
onstrated its suitability for use in pre-screening of toxic agents [10]; thus, it seems 
that Artemia sp. endpoints may be used as a toxicity testing method to meet market 
demand, even though there are no internationally standardized toxicity testing 
protocols at present according to the ISO and OECD.

Biomarkers and teratogenicity are the less popular endpoints used in short-term 
toxicity tests because of their limited sensitivity. However, behavioral endpoints, espe-
cially swimming inhibition, seem to have a wider application potential in the future 
with the development of computer technology. Both continuous and intermittent 
observations of single or groups of living organisms can be studied by image and video 
analysis. Hatching rate and acute mortality are the most commonly used endpoints in 
the standardization process at a different level. Usually, hatching rate (48 h static test) 
was intercalibrated at the Italian level [69], while acute mortality (24 h static test) was 
intercalibrated based on the available standard [40] at the Italian [69] as well as the 
European level [72]. Both provided data on CuSO4 as a reference toxicant. Among the 
long-term toxicity tests, the 14-d static renewal mortality test was intercalibrated at  
the Italian level [69] with SDS according to the UNICHIM protocol (2012).

Further concentrated efforts are necessary to make Artemia sp. an official 
internationally recognized standard biological model in ecotoxicology evaluation. 
It involves (I) a national member (who then contacts the ISO) upon a request by an 
industry sector or group for a standard; (II) scope, main definitions, and contents 
of standards which are scientifically assessed by experts in relevant fields; and (III) 
multi-stakeholder discussion and reviewing process including experts from related 
industries, consumer associations, academic institutions, nongovernmental organi-
zations, and governments.
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Chapter 3

Phytoremediation of Hazardous 
Radioactive Wastes
Deepak Yadav and Pradeep Kumar

Abstract

Phytoremediation technology incorporates living plants for in situ  remediation 
of contaminated soils, sediments, tailings and groundwater. These practices 
integrates the removal, or degradation of toxic wastes that is capable of cleaning 
up an area with low to moderate levels of contamination. Phytoremediation has 
been studied widely for metals, pesticides, solvents, explosives, crude oil, etc. 
These studies and research are advanced, especially in small-scale operations. 
Phytoremediation has been successfully tested to decontamination of radioactive 
sites. The chapter initiates with possible remediation methods used for radioac-
tive wastes where we will discuss types and nature of radioisotope contamination. 
Then we discuss discusses the classifications of phytoremediation techniques to 
treat radioactive contaminated waste. Phytoremediation performance depends on 
numerous factors such as soil composition, level of toxicity, suitable plant species, 
etc. Conversely, phytoremediation prospects low cost, practical and ecologically 
viable approach for low-level radiation waste clean-up.

Keywords: phytoremediation, plants, radioactive pollutants, radioisotope,  
low-level radiation waste

1. Introduction

The term “Phytoremediation” derived from Greek and Latin words. The word 
“Phyto” from Greek “phutón” meaning plants, while the word “remediation” from 
Latin “remedium” meaning a remedy or cure or correct evil. Phytoremediation is a 
fairly new technology introduced in 1980s that use plants to clean/partly clean con-
taminated locations, or reduce the contaminants less harmful [1–4]. It is also named 
as green remediation, agro-remediation, botano-remediation, and vegetative reme-
diation [4, 5]. Therefore, the word is relating the technology for the management of 
environmental problems using plants and their allied microorganisms.

Many observes, phytoremediation, especially when very toxic materials are in 
request (e.g., radioactive waste). Phytoremediation is a general term refers to a set 
of plant–contaminant interactions, and a precise application procedure involved 
in remediation of radioactively contaminated locations. Most of these practices 
involve applying information known for decades in agriculture and ecology to envi-
ronmental problems. Basic information of phytoremediation comes from several 
research areas; containing ecotoxicology, plant ecophysiology, agriculture, toxicity 
and translocation of toxic radioactive isotopes.

Mitigation of the environmental pollutant challenges with excavating the contam-
inants, dispose them off somewhere else with a cost-effective and an environmentally 
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friendly technique in waters and soils purification even in heavy metals [2, 3]. The 
conventional remediation techniques like chemical, thermal, physical and other treat-
ment methods are costly, and may cause more contaminations to the environments [4].

The International Atomic Energy Agency (IAEA) has clearly defined radioactive 
waste as those materials that emits radioactive particles comprise intensities greater 
than the prescribed benign on national and international standards, and no addi-
tional use is expected [5–7]. For instance, hazardous radioactive waste is produced 
at each stage of the nuclear (uranium) fuel cycle with no nuclear waste facility. So, 
there is an immediate need of permanent storage facilities as well as repositories for 
the high-level nuclear wastes. Radioactive waste can be solid, liquid or gas from a 
diverse group of operations and activities (mining to nuclear power) and accidents 
poses health risks and has the potential to interrupt ecosystems.

Phytoremediation of radioactive waste is a method that uses plants to remove, 
transfer, or immobilize radionuclides present in the contaminated soil, water, or 
sludge, and it is a useful method for treating large-scale but low-level radionuclide 
pollution. Radioactive materials provide numerous applications (scientific, medical, 
agricultural, industrial and energy generation) and play a significant role in daily 
life in human society. Consequently, it is predictable that such diverse actions lead to 
radioactive waste generation. The nuclear accident at Chernobyl, Ukraine alone has 
been calculated to have increased the risk of cancer to humans by 0.1% [2, 8].

Radioactive uranium (U), caesium (Cs), strontium (Sr), and plutonium (Pu) 
are the main radioactive isotopes present in the environment as a consequence 
of nuclear activities, and are the radionuclides of most concern (for a list of 
radionuclides of environmental and health concern. Sometime the radioactive 
wastes have military applications, e.g., depleted uranium is used in weaponries, 
and the spent nuclear fuel (from reactors) comprise weapons-usable plutonium. 
Nuclear waste containing short radiation, generally of little concern as it fades 
quickly by natural radioactive decay. Conversely medium-level long-lived and 
high-level radioactive nuclear waste is more challenging and benign disposal 
of this waste is essential. Most of the nuclear waste produced in nuclear power 
plants, (half-life and effects of environmentally dangerous radioactive isotopes 
are listed in Table 1).

In specific, the prerequisite for the concern is for spent (used) radioactive fuel 
recently removed from nuclear reactors. Moreover, there is an alarming accumula-
tion of radioactive material cast in glass or ceramics, shielded in stainless steel 
containers which is held in dry storage across the world [10, 11]. So, radioactive 
waste needs to be managed in a safe and must be remote from people till it remains 
dangerous.

Radionuclide Half-life Uses Effects

Uranium (238) 4.5 billion 
years

Bombs, weapons, nuclear fuel Mutations, cancer, birth defects

Plutonium 
(244)

80.8 million 
years

Explosives, mixed oxide 
fuel, power and heat sources. 
Example atomic bombings of 
Hiroshima and Nagasaki

Fire hazard, radioactivity 
and the heavy metal poison, 
radiation sickness, genetic 
damage, cancer, and death

Thorium (232) 14 billion years Alloying agent, nuclear fuel Carcinogenic

Radium (226) 1601 years Luminous paints, dials of 
watches

Lymphoma, leukaemia, bone 
cancer

Table 1. 
Phytoremediation of radioactive metals [9].
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Radionuclides waste sources are transported in soil, sediments, or sludges can 
be reduced over and done with absorption and accumulation by the plant roots; 
adsorption onto roots; precipitation, or reduction in soil with root zone; or binding 
to humic (organic) matter by the process of humification. Before phytoremediation 
of the concerned radioactive waste, the appropriate natural plant should be wisely 
selected. The ways for selection the right plant species for phytoremediation of the 
radioactive waste are as follow:

1. Primarily, the features of radioactive waste should be examined.

2. Next, the plant class and its composition should be recorded.

3. Then, the concentration of a concerned radionuclide in the plant should be 
determined.

4. The plant biomass should be considered, and

5. Lastly, the concentration of a goal radionuclide in the remediated radioactive 
waste should be restrained.

Phytoremediation of radioactive waste is a worthwhile technique for treating 
large-scale, but low-level radionuclide waste. However, from the above mentioned 
criteria we can screen out the right plant types proficient to remediate the con-
cerned radioactive waste. In the present chapter, significant features prompting 
the choice of natural plant to remediate radioactive waste. The concentration and 
features of radioactive waste, the plant type and plant structure, deposited area are 
detected, and the standards based on the phytoremediation factor (PF) have been 
anticipated for the selection of natural plant to phytoremediate radioactive waste.

2. Classification of radioactive wastes

Radioactive waste is distinct radioactive material for which no further use is 
foreseen in gaseous, liquid or solid form and controlled by a regulatory organiza-
tion. According to international law governed by IAEA, spent nuclear fuel is not 
defined as wastes are well-defined by the accountable country. The wastes are 
categorized by the type and concentration of radioactive particles emitted (α, β and 
γ), energy and heat generation. The latest waste classification system for radioactive 
waste has been approved in universal standards established by the IAEA and are 
explained as follows [7]:

Exempt waste (EW): It comprises such a low concentration of radionuclides 
that create negligible radiological hazards and it can be excluded from nuclear 
regulatory control.

Very short lived waste (VSLW): These types of wastes are often treated to 
achieve volume reduction and/or conditioned, stored for decay over a limited 
period of few years, prior to disposal. These are disposed of as regular industrial 
waste and consequently cleared of regulatory control [12, 13]. Further, various 
safe and effective treatment routes are open, with chemical precipitation as well as 
incineration.

Very low level waste (VLLW): It does not require isolation and a high level of 
containment, and disposal is done in near-surface landfill. VLLW wastes are always 
cured to attain liquidity (volume) reduction and waste is immobilized prior to its 
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Radionuclide Half-life Uses Effects

Uranium (238) 4.5 billion 
years

Bombs, weapons, nuclear fuel Mutations, cancer, birth defects

Plutonium 
(244)

80.8 million 
years

Explosives, mixed oxide 
fuel, power and heat sources. 
Example atomic bombings of 
Hiroshima and Nagasaki

Fire hazard, radioactivity 
and the heavy metal poison, 
radiation sickness, genetic 
damage, cancer, and death

Thorium (232) 14 billion years Alloying agent, nuclear fuel Carcinogenic

Radium (226) 1601 years Luminous paints, dials of 
watches

Lymphoma, leukaemia, bone 
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Table 1. 
Phytoremediation of radioactive metals [9].
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Radionuclides waste sources are transported in soil, sediments, or sludges can 
be reduced over and done with absorption and accumulation by the plant roots; 
adsorption onto roots; precipitation, or reduction in soil with root zone; or binding 
to humic (organic) matter by the process of humification. Before phytoremediation 
of the concerned radioactive waste, the appropriate natural plant should be wisely 
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2. Next, the plant class and its composition should be recorded.

3. Then, the concentration of a concerned radionuclide in the plant should be 
determined.

4. The plant biomass should be considered, and

5. Lastly, the concentration of a goal radionuclide in the remediated radioactive 
waste should be restrained.
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criteria we can screen out the right plant types proficient to remediate the con-
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features of radioactive waste, the plant type and plant structure, deposited area are 
detected, and the standards based on the phytoremediation factor (PF) have been 
anticipated for the selection of natural plant to phytoremediate radioactive waste.

2. Classification of radioactive wastes

Radioactive waste is distinct radioactive material for which no further use is 
foreseen in gaseous, liquid or solid form and controlled by a regulatory organiza-
tion. According to international law governed by IAEA, spent nuclear fuel is not 
defined as wastes are well-defined by the accountable country. The wastes are 
categorized by the type and concentration of radioactive particles emitted (α, β and 
γ), energy and heat generation. The latest waste classification system for radioactive 
waste has been approved in universal standards established by the IAEA and are 
explained as follows [7]:

Exempt waste (EW): It comprises such a low concentration of radionuclides 
that create negligible radiological hazards and it can be excluded from nuclear 
regulatory control.

Very short lived waste (VSLW): These types of wastes are often treated to 
achieve volume reduction and/or conditioned, stored for decay over a limited 
period of few years, prior to disposal. These are disposed of as regular industrial 
waste and consequently cleared of regulatory control [12, 13]. Further, various 
safe and effective treatment routes are open, with chemical precipitation as well as 
incineration.

Very low level waste (VLLW): It does not require isolation and a high level of 
containment, and disposal is done in near-surface landfill. VLLW wastes are always 
cured to attain liquidity (volume) reduction and waste is immobilized prior to its 
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disposal [13, 14]. Several safe and effective additional treatments are available, e.g., 
chemical precipitation and incineration.

Low level waste (LLW): It covers limited amounts of long-lived radionuclides 
with a very wide variety of radioactive waste. Waste that does not need shielding 
for handling or transportation, and isolation ages of a few 100 years. LLW may 
be slightly contaminated with radiation; for example, paper, glassware, tools and 
clothing. A wide range of disposal and storage alternatives are available, from 
simple to complex engineered facilities, e.g., landfills or incineration.

Intermediate level waste (ILW): ILW (reactor components, chemical residues, 
used metal fuel cladding) contains long-lived radionuclides alpha (α) emitters and iso-
lation blocks. It does not need facility of heat dissipation during storage and disposal. 
ILW requires special handling and shielding of radioactivity. This waste is destined for 
disposal in deep geological repositories (the Waste Isolation Pilot Plant in USA).

High level waste (HLW): HLW covers high intensities of radiations that 
produce major amounts of heat by radioactive degeneration. It demands the design 
of removal in very deep, even geological layers, typically several hundred meters 
below the surface. The two primary categories are: (1) used fuel rods from nuclear 
plants and (2) waste from reprocessing the fuel rods. The waste contains both 
short-lived and long-lived high radiation nucleotides (half-lives of many thousands 
of years) which comprises high concentrations of radioactivity and requires cooling 
and special shielding, handling and storage.

3. Treatment methods

Conventional remediation techniques e.g., chemical, thermal and physical 
treatment methods are too costly, and may end of causing more contamination 
to the environment. Internationally acclaimed phytoremediation has an over 
300-year old history of wastewater discharges, but the concept of using plants for 
the remediation of heavy metals and other pollutants was first reported in 1983 
[15]. The concentration of a target element governs the degree to the widespread 
phytoremediation. Phytoremediation might be best suited for positions with the 
levels of radionuclide pollution which are only slightly advanced than the cleanup 
board levels because the subsequent sum of time for cleaning becomes reasonable 
(<10 years) and as probable plant toxicity effects are avoided [16].

Once the action is finished, an inorganic deposit remains that must be disposed 
of carefully, this residue has no fiscal significance. There are five varieties for 
positioning hazardous waste:

1. Hazardous wastes are dumped by force and under pressure by underground 
instillation bores (steel- and concrete-encased channels under earth crust).

2. Surface impoundment (engineered or natural depressions) can be recycled to 
treat, store, or dispose of hazardous waste, in pits or diked spaces.

3. Land-fills are discarding facilities where hazardous waste is located in, prop-
erly planned and lined landfills to prevent leakage.

4. Land treatment is a disposal process in which natural microbes in the soil 
break down (immobilize) the hazardous constituents.

5. Waste piles, non-flowing hazardous waste are used for provisional loading till 
it is moved to final removal and final disposal.
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The hazardous waste disposed of on land, ~60% (underground injection wells), 
~35% (surface impoundments), 5% in landfills, and <1% in waste piles/land 
application.

Radioactive waste control involves reducing radioactive residues, manage waste-
packing carefully, safe storage and disposal along with protect sites of radioactivity 
origin clean. Underprivileged practices may lead to future complications. Therefore, 
selection of sites where radioactivity is to be managed safely is equally important 
other than technical expertise and investment, to result in safe and ecologically 
sound results. IAEA is endorsing recognition of some basic tenets by all countries 
for radioactive waste management which include:

i. Acquiring adequate level of human safety.

ii. Facility of a standard level of environment protection.

iii. Although predicting (i) and (ii), guarantee of insignificant properties past 
national boundaries.

iv. Tolerable impact on future groups, and

v. No unnecessary liability on future generations. There are other legal, control, 
generation, safety and management characteristics likewise.

The following decisions have been declared stress staid studies and technical 
assessments:

• Deep geological sources.

• Ocean dumping Seabed burial.

• Sub-seabed disposal.

• Subductive waste disposal method.

• Transforming radioactive waste to non-radioactive stable waste.

• Dispatching to the Sun.

4. Radioactive waste uptake phytoremediation mechanisms

Phytoremediation is well accepted in literature [17, 18], and favored due to its 
in-situ/ex-situ applicability. Further additional benefits comprise fairly easy to 
handle and apply, proficient extraction bioavailable shares of pollutants, adaptable 
to a range of organic and inorganic complexes and energy generation. While the use 
of plants as environmental rehabilitation agents has gained wide acceptability in 
multidisciplinary research fields. Bramley-Alves et al. [19] proposed that phytore-
mediation involves a multi-skill technique for example phyto-oxidation, volatiliza-
tion, and microbial remediation to improve the efficacy of pollutants’ control [19]. 
Furthermore, phytoremediation is favored to former chemical methods because it 
could be useful in locations contaminated by inorganic (e.g., heavy metals) con-
taminants and organic (e.g., pesticides, polycyclic aromatic hydrocarbons (PAH), 
and polychlorinated biphenyls) [20].
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Over the previous years, several methods have been used to deal with the radioac-
tive waste from contaminated sites. Though, these methods are costly and inefficient 
in their concert. The chemical methods generate large volumes of sludge and increase 
the cost of maintenance. Thermal methods are technically difficult and adversely 
affect the valuable component of soil by degrading it [21]. Two major procedures that 
are conventionally used to remediate the radioactive contaminated sites are: [22].

1. Ex-situ methods: This method requires the removal of contaminated soil 
for treatment on/off site and then returning the treated soil to the site. The 
example of ex-situ methods are; soil leaching, solidification, immobilization, 
vitrification, heap leaching, ground disposal, sea disposal, incineration, and or 
destruction etc.

2. In-situ methods: In this method excavation of contaminated location is not 
needed. The examples are; de-chlorination, bottom sealing, electromagnetic 
heating, etc.

Phytoremediation is a novel resolution that effectively and inexpensively 
extracts out the contaminants from the site and scrubs up the wasteland [23]. 
Phytoremediation makes use of green plants to clean up and treat radioactive con-
taminated sites for example soil, water and sediments. Plants have notable features 
that help them absorb contaminants into their systems with their endorsement 
capabilities such as translocation, bioaccumulation and contaminant degradation. 
Many plant species have been successful in efficiently accumulating the radionu-
clides in their stems and leaves and hence remediating the contaminated site [21]. 
This chapter evaluates some of the research that has been done on phytoremedia-
tion of radioactive metals and aims to discuss the potential of phytoremediation, 
highlight the general mechanisms of plant uptake, give a brief overview on radioac-
tive metals (especially: Uranium-238, Thorium-232, Radium-226) uptake by plants, 
and report the advantages and limitations associated with this method.

5. Six main subgroups in phytoremediation

1. Phytoextraction: Plants degrading pollutants from the soil (tailings) and 
concentrating the contaminants in the harvestable portions of plants; i.e., in all 
organs of the plant—leaves, stems and roots [24, 25].

2. Phytodegradation: Plants removing pollutants by using hydrolytic enzymes 
and metabolites in plants; however, this method may be limited only to degra-
dation of organic contaminants [26, 27].

3. Phytostabilization: Plants reducing mobility and bioavailability of pollut-
ants in the soil either by immobilization and precipitation, or by preventing 
contaminant migration [28, 29].

4. Phytovolatilization: Volatilization of pollutants into the air directly or indi-
rectly via plant uptake into tissues and organs, and then transformation of the 
products into volatile compounds [25, 30].

5. Rhizofiltration: Plant roots strongly absorbing, accumulating and/or precipi-
tating contaminants from aqueous waste streams or soil water almost exclu-
sively into the root system [31, 32].
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6. Rhizodegradation: Enhancement of naturally occurring biodegradation and 
destruction of contaminants in the soil through mineralization and transfor-
mation of pollutants by plant roots and associated microbes [33–35].

6. Factors affecting the uptake mechanisms

There are several factors which can affect the uptake mechanisms of radioactive 
metals and are discussed as below:

6.1 Plant species

Plant species with superior remediation ability of the concerned radioactive 
waste are screened and carefully chosen. The success of phytoremediation tech-
nique depends upon the ability of the plant to accumulate [36].

6.2 Properties of medium

Factors such as temperature, moisture content, pH, organic matter affect the 
rate of uptake by plants [37].

6.3 The root zone

It can absorb contaminants and store or metabolize it inside plant tissue. An 
increase in root diameter and reduced root elongation as a response to less perme-
ability of the dried soil [38].

6.4 Addition of chelating agents

The increase of the uptake by crops can be influenced by increasing the bioavail-
ability of radionuclides through addition of biodegradable physiochemical factors 
such as chelating agents, and micronutrients [39].

In a stressed environment, the application of plants to remediate sites governed 
by mainly on the persistence capacity of the plant. All through phytoremediation, 
plants absorb pollutant from the soil, and mineralized it, thus preventing infection 
of groundwater and retaining system shield for human habitation. Efe and Elenwo 
reported that plants (e.g., Axonopus compressus) used as phytoremediation means, 
should have the capacity to adapt properly to the climatic condition and soil of the 
polluted sites, and retain high patience under stressed environments [40]. Several 
phytoremediation plant types have technologically advanced adaptive features for 
absorption, acceptance, transfer and degradation of pollutants for example heavy 
metals, crude oil, explosives, and radionuclides [41].

The efficiency of the process is also dependent on the soil properties, type of 
contaminants and its bioavailability. Plant roots usually serve as interlinks provid-
ing enormous surface area for the absorption and accumulation of essential growth 
nutrient along with contaminants [42]. In metal contaminated sites, character-
ization of eco-toxicity (e.g., oxidative stress) is mostly determined through the 
formation of free radicals [43]. Some of the advantages of phytoremediation include 
risk containment, extraction of valuable metals (phytomining) and increased soil 
fertility/quality.

Baker and Brooks [44] recommended that the metal hyperaccumulator must 
fulfill a standard that the concentration of an element stored in a plant can be 
higher than the soil [44]. Based on their classification, the transfer factor (TF) 
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can be defined as the ratio of target element concentration in the plant to that in 
the tailings.

  Transfer factor =  (target element concentration in the plant)  /  
                                                       (target element concentration in the tailings) .  (1)

TF can be used as an index for the growth of a target element in the plant 
and its transfer from the tailings to the plant. If TF for a plant is greater than 1 
and the amount of the target element collected in the plant is relatively small, 
the elimination competence of the plant for that target element can be further 
improved by a number of breeding practices, and can further implemented in 
phytoremediation [45].

Different TF values for the plants tissues may be resulted in part from metabolic 
rate differences between plant species and cultivations [46]. The factors for exam-
ple the concentration of a radionuclide, pH, plant age, and ecotype may adjust the 
uptake and ratio of the content of the element present in the plant shoot to that in 
its root [47]. About 91 tissues of plant species had the TF values of <1, only 9 tissues 
of plant species had the TF values of more than 1. Overall, it was found that most of 
the plant species inspected had low experiences of removing U, Th, and 226Ra from 
the stakeouts to the plant tissues. The results were friendly with the earlier research 
results [48–52].

In summary, phytoremediation of goal radionuclides from the followings 
largely depends primarily on three parameters with the radionuclide concentra-
tion in the plant, the plant biomass, and the target radionuclide concentration in 
the investigations. In order to assess the potential of a plant for phytoremediation 
more broadly, a novel coefficient was anticipated and named as phytoremediation 
factor [53]. This factor is the ratio of the total amount of a target radionuclide 
accumulated in the plant shoot to the concentration in the tailings at the site where 
the plant grows.

                Phytoremediation factor  (PF)   
                 =  (target radionuclide concentration in the plant shoot)  / 
                      (biomass of the plant shoot Target radionuclide concentration in the 
                     tailings) .  (2)

In this formula, the shoot refers to the tissue above ground of the plant including 
the seed, leaf, and stalk. The PF can be used as an index for the capability of a plant 
to remove the target element from the tailings.

The results indicated that PF was agreeable with the plant removal capability. 
PF extends the conventional definition of hyperaccumulator, and it can easily be 
obtained. Although the concentration of a target radionuclide in a plant does not 
fulfill the criteria for a hyperaccumulator, if the plant has relatively high biomass, 
the plant may also be deliberated as the candidate for phytoremediation. Keeping 
in view the phytoremediation factor, P. australis and M. cordata were designated 
as the contenders for phytoremediation of uranium-contaminated soils [53, 54]. 
Azolla imbircata was selected as the candidate for phytoremediation of uranium-
contaminated water [55, 56]. P. australis was selected as the candidate for phy-
toremediation of thorium-contaminated soils [53]. P. multifida was selected as 
the candidate for phytoremediation of 226Ra-contaminated soils [54–56]. While 
PF offers a unique place for identification of a plant proficient in remediating the 
contaminated by the radioactive nuclides on a large scale, except the plant bio-
mass per unit area. It is essential to consider further research should be executed 
to improvise this factor.
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7. Phytomanagement

Waste disposal is dumping waste with no objective of retrieval. Waste manage-
ment means the whole structure of operations starting with generation of waste 
and ending with disposal. The per capita use of electricity is correlated to the living 
standard of a country, whereas, the electricity generation by nuclear resources can 
be viewed as a least degree of radioactive waste that is produced and the allied scale 
of radioactive waste management of the country. On the gauge of electricity genera-
tion by nuclear fuel, India need to improve a lot. In 2000, India’s stake of nuclear 
electricity generation compared to total electricity generation was 2.65% related to 
75% of France which ranks first according to IAEA Report. Hence the magnitude 
of radioactive waste management in India could be miniscule compared to that in 
other countries.

As more power reactors come on stream and as weaponization takes profounder 
routes the needs of radioactive waste management increase. Radioactive waste 
management has been a crucial degree in the whole nuclear fuel cycle. Low and 
intermediate-level radioactive wastes rise from operations in reactors retained as 
sludge after chemical treatment and fuel reprocessing practices.

Solid radioactive waste is compressed, incinerated are subject to the nature 
of the waste. Underground drains in disposal facilities are applied for solid waste 
disposal under continuous surveillance and monitoring.

High efficiency particulate air (HEPA) filters are used to reduce air-borne radio-
activity. From the last four decades radioactive waste management facilities have 
been set up at Trombay, Tarapore, Rawatbhata, Kalpakkam, Narora, Kakrapara, 
Hyderabad and Jaduguda, accompanied by the growth of nuclear power and fuel-
reprocessing plants [57–63]. Numerous barrier methodology is monitored in solid 
waste handling in the next flow process are given below (eq. (3)):

  Source reduction ➔ Recycling ➔ Treatment ➔ Disposal.  (3)

Flow process for management of waste reduction [57].

8. Conclusion and future directions

For the phytoremediation of radioactive waste, screening of the appropri-
ate plant type is the utmost important. Diverse factors such as radioactive waste 
characteristics, the concentration of a target radionuclide in the radioactive waste, 
the biomass of the plant, the plant species and plants composition in the radioactive 
waste dumped area, the concentration of a target radionuclide in the plant, and 
should be examined thoroughly.

The PF concern the concentration of a goal element in a plant, the shoot bio-
mass, and the concentration of the target element in the tailings or tailing (root) 
of the plant, was planned for the target element to specify the removal capability 
of the plant from the radioactive waste. Using the PF as the criteria, P. australis, M. 
cordata, and Azolla imbricata were selected as the contenders for phytoremedia-
tion of uranium-contaminated soil, P. multifida was particular as the aspirant for 
phytoremediation of 226Ra-contaminated soil, and P. australis was designated as the 
contestant for phytoremediation of thorium-contaminated soil.

Further advances must be made in the application of environmental remediation 
to selectively eradicate materials, the concentrations of chemicals present in the 
contaminated water, have a higher resistance to changes in pH, greater stability for a 
longer period of time and cost effectiveness.
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can be defined as the ratio of target element concentration in the plant to that in 
the tailings.

  Transfer factor =  (target element concentration in the plant)  /  
                                                       (target element concentration in the tailings) .  (1)

TF can be used as an index for the growth of a target element in the plant 
and its transfer from the tailings to the plant. If TF for a plant is greater than 1 
and the amount of the target element collected in the plant is relatively small, 
the elimination competence of the plant for that target element can be further 
improved by a number of breeding practices, and can further implemented in 
phytoremediation [45].

Different TF values for the plants tissues may be resulted in part from metabolic 
rate differences between plant species and cultivations [46]. The factors for exam-
ple the concentration of a radionuclide, pH, plant age, and ecotype may adjust the 
uptake and ratio of the content of the element present in the plant shoot to that in 
its root [47]. About 91 tissues of plant species had the TF values of <1, only 9 tissues 
of plant species had the TF values of more than 1. Overall, it was found that most of 
the plant species inspected had low experiences of removing U, Th, and 226Ra from 
the stakeouts to the plant tissues. The results were friendly with the earlier research 
results [48–52].

In summary, phytoremediation of goal radionuclides from the followings 
largely depends primarily on three parameters with the radionuclide concentra-
tion in the plant, the plant biomass, and the target radionuclide concentration in 
the investigations. In order to assess the potential of a plant for phytoremediation 
more broadly, a novel coefficient was anticipated and named as phytoremediation 
factor [53]. This factor is the ratio of the total amount of a target radionuclide 
accumulated in the plant shoot to the concentration in the tailings at the site where 
the plant grows.

                Phytoremediation factor  (PF)   
                 =  (target radionuclide concentration in the plant shoot)  / 
                      (biomass of the plant shoot Target radionuclide concentration in the 
                     tailings) .  (2)

In this formula, the shoot refers to the tissue above ground of the plant including 
the seed, leaf, and stalk. The PF can be used as an index for the capability of a plant 
to remove the target element from the tailings.

The results indicated that PF was agreeable with the plant removal capability. 
PF extends the conventional definition of hyperaccumulator, and it can easily be 
obtained. Although the concentration of a target radionuclide in a plant does not 
fulfill the criteria for a hyperaccumulator, if the plant has relatively high biomass, 
the plant may also be deliberated as the candidate for phytoremediation. Keeping 
in view the phytoremediation factor, P. australis and M. cordata were designated 
as the contenders for phytoremediation of uranium-contaminated soils [53, 54]. 
Azolla imbircata was selected as the candidate for phytoremediation of uranium-
contaminated water [55, 56]. P. australis was selected as the candidate for phy-
toremediation of thorium-contaminated soils [53]. P. multifida was selected as 
the candidate for phytoremediation of 226Ra-contaminated soils [54–56]. While 
PF offers a unique place for identification of a plant proficient in remediating the 
contaminated by the radioactive nuclides on a large scale, except the plant bio-
mass per unit area. It is essential to consider further research should be executed 
to improvise this factor.
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7. Phytomanagement
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management has been a crucial degree in the whole nuclear fuel cycle. Low and 
intermediate-level radioactive wastes rise from operations in reactors retained as 
sludge after chemical treatment and fuel reprocessing practices.

Solid radioactive waste is compressed, incinerated are subject to the nature 
of the waste. Underground drains in disposal facilities are applied for solid waste 
disposal under continuous surveillance and monitoring.

High efficiency particulate air (HEPA) filters are used to reduce air-borne radio-
activity. From the last four decades radioactive waste management facilities have 
been set up at Trombay, Tarapore, Rawatbhata, Kalpakkam, Narora, Kakrapara, 
Hyderabad and Jaduguda, accompanied by the growth of nuclear power and fuel-
reprocessing plants [57–63]. Numerous barrier methodology is monitored in solid 
waste handling in the next flow process are given below (eq. (3)):

  Source reduction ➔ Recycling ➔ Treatment ➔ Disposal.  (3)

Flow process for management of waste reduction [57].

8. Conclusion and future directions

For the phytoremediation of radioactive waste, screening of the appropri-
ate plant type is the utmost important. Diverse factors such as radioactive waste 
characteristics, the concentration of a target radionuclide in the radioactive waste, 
the biomass of the plant, the plant species and plants composition in the radioactive 
waste dumped area, the concentration of a target radionuclide in the plant, and 
should be examined thoroughly.

The PF concern the concentration of a goal element in a plant, the shoot bio-
mass, and the concentration of the target element in the tailings or tailing (root) 
of the plant, was planned for the target element to specify the removal capability 
of the plant from the radioactive waste. Using the PF as the criteria, P. australis, M. 
cordata, and Azolla imbricata were selected as the contenders for phytoremedia-
tion of uranium-contaminated soil, P. multifida was particular as the aspirant for 
phytoremediation of 226Ra-contaminated soil, and P. australis was designated as the 
contestant for phytoremediation of thorium-contaminated soil.

Further advances must be made in the application of environmental remediation 
to selectively eradicate materials, the concentrations of chemicals present in the 
contaminated water, have a higher resistance to changes in pH, greater stability for a 
longer period of time and cost effectiveness.



Assessment and Management of Radioactive and Electronic Wastes

38

Sensors have been established for detecting gases, chemicals and volatile 
organic compounds (VOCs), and the detection and identification of radiations. 
Further growth is essential in the functional properties of nanomaterials to meet 
the requisite for trace detection and the treatment of pollutants in soil, water and 
air and important fundamental and mechanistic studies are required in order to 
fully explore their real potentials. The CNTs/metal oxide are promising constitu-
ents in ecological pollution management at a bigger prospective for practical 
applications.
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Chapter 4

Electronic Waste Recycling and 
Disposal: An Overview
Cristina A. Lucier and Brian J. Gareau

Abstract

Electronic waste, or e-waste, is said to be the fastest growing stream of 
 hazardous waste in the world. E-waste is comprised of a variety of inputs  including 
hazardous materials, potentially valuable and recyclable materials, and other 
inputs. E-waste follows a range of pathways after disposal, including formal and 
informal recycling, storage, and dumping, in both developed and less-developed 
country contexts. Globally, the handling and regulation of e-waste as both a 
hazardous waste stream and as a source of secondary raw materials has undergone 
significant changes in the past decade. A growing number of countries have adopted 
extended producer responsibility laws, which mandate electronics manufacturers to 
pay for proper recycling and disposal of electronics. The e-waste recycling industry 
is becoming more formalized as the potential to recover valuable materials has 
increased, but a range of recent studies have shown that e-waste recycling continues 
to carry a range of occupational health and environmental risks.

Keywords: e-waste, waste electrical and electronic equipment,  
extended producer responsibility, Basel Convention

1. Introduction

Electronic waste, sometimes referred to as e-waste or waste electrical and elec-
tronic equipment (WEEE), is a highly varied stream of hazardous waste. This waste 
stream is comprised of any electronic items that a consumer or business intends to 
dispose of, or is no longer useful for its original purpose. E-waste has generated a 
considerable amount of public and political interest due to a confluence of factors, 
including: the exponential rise in the generation of e-waste, the potential value of 
recycling the waste in order to recover precious metals and other elements, and the 
environmental and human health risks associated with improperly storing, dispos-
ing of, and recycling e-waste. Some of the major responses to the rising generation 
of e-waste (and growing demand for secondary raw materials that it contains) 
have included the development of producer “take-back” legislation, technological 
innovations in recycling processes, and the formation of partnerships to facilitate 
the transfer of e-waste between the informal and formal recycling sectors [1].

E-waste is an incredibly complex waste stream, as it encompasses a wide range 
of items and the exact composition of many electronic components are considered 
to be trade secrets, meaning they are the confidential information of the manufac-
turer. Generally speaking, “modern electronics can contain up to 60 different ele-
ments; many are valuable, some are hazardous and some are both. The most complex 
mix of substances is usually present in the printed wiring boards (PWBs)” [2].  
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To use a specific example, the material content of a mobile phone includes “over 40 
elements in the periodic table including base metals like copper (Cu) and tin (Sn), 
special metals such as cobalt (Co), indium (In) and antimony (Sb), and precious 
metals including silver (Ag), gold (Au), and palladium (Pd)” [2].

Electronics that had been used in industrial or business applications, such as 
medical equipment, have been recycled in the formal recycling industry for more 
than 40 years. These large items have frequently been exported within industrial-
ized countries in the OECD to specialized facilities where they are processed for 
the purpose of extracting secondary raw materials. Consumer electronic waste 
from smaller items such as cell phones and televisions have not historically been 
profitable to recycle in countries with higher labor costs, since the quantity of 
recoverable valuable materials is relatively low. Hence, these items have typically 
either been disposed of, stored in consumers’ homes, or exported (often illegally) 
to less developed countries such as China, India, Ghana and Nigeria, where they are 
recycled by informal recyclers using low-tech methods such as manual dismantling, 
open burning and acid leaching in order to recover gold, copper and other valuable 
metals. These methods generate subsistence livelihoods for workers but also result 
in significant hazards to human health and the environment as a result of the toxic 
materials that are also embedded in consumer electronics. This chapter will explore 
these conventional recycling efforts and the ways in which they are evolving along-
side global economic developments and the introduction of new recycling processes 
and technologies.

Generally speaking, the e-waste recycling process consists of five basic stages: 
collection, toxics removal, preprocessing, end processing and disposal [3]. There 
are wide degrees of variation in how these stages are managed worldwide. For much 
of the global waste stream, e-waste may be collected informally via “waste pickers” 
or more formally through voluntary or mandatory producer “take-back” programs. 
In terms of consumer electronics, regions where e-waste is picked up by informal 
collectors have historically achieved significantly higher recycling rates than those 
where waste is dropped off through formal channels [4]. After reaching the recy-
cling site, dangerous components that require special treatment (e.g., batteries, 
Freon) are removed. The units are then separated into more homogenous groups 
based on material. This can be done manually, mechanically or a combination of 
both. Manual dismantling involves tools such as screwdrivers, hammers and labeled 
containers, while mechanical dismantling may involve conveyor belts, giant shred-
ders and magnets [5].

Following the separation and dismantling phases, more homogenous groups of 
material (e.g., gold, copper, plastic, circuit boards) are then treated through a refin-
ing process: this can be accomplished chemically, with heat, or with metallurgical 
processes. This stage can be as high-tech as a giant smelter in Antwerp, Belgium or 
as low-tech as acid stripping in a backyard in Guiyu, China. Research has uncovered 
how sites will often compete for the waste by offering low-cost strategies, some-
times described as a “race to the bottom” process of increasingly lower standards 
and environmental protection [6]. Finally, all of the components that cannot be sold 
or used as secondary raw materials are disposed of through means such as incinera-
tion or landfill.

The level of efficiency achieved through e-waste recycling depends upon the 
 process that is followed, especially in the separation and dismantling phases. In 
dismantling electronics, manualized options are often much more effective than 
mechanized processes in gaining access to the best quality secondary raw materials. 
Mechanized take-back programs such as those in the E.U. do not even come close to 
the efficacy of the labor-intensive e-waste collection rates found in many African 
countries [4, 7]. Manual dismantling is also preferable to machine shredding, which 
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damages and does not completely separate individual materials. For example, while 
90% of the gold in discarded mobile phones can be recovered when manually dis-
mantled, only 26% is recovered through mechanical shredding [8]. However, these 
more labor-intensive options are not cost effective unless labor costs are extremely 
low [3].

2. Secondary raw materials recovered in electronic waste recycling

E-waste contains components that have historically been valuable in significant 
quantities, when the dismantling costs have been low enough [9]. Some of the 
applications and quantities extracted for different “important” or valuable elements 
within electronic devices are represented in Table 1.

In addition to these metals, there is also another subset of elements—known as 
rare earth elements—which are crucial to the functioning of the newest electron-
ics, particularly those with LED lighting and touch screen technologies. Rare earth 
elements are available in abundant quantities globally, but the process of their 
extraction can create widespread environmental problems, including radioactive 
contamination [10]. Table 2 provides a list of the rare elements that are used in vari-
ous electronics. It is worth noting that the actual quantity of these elements used 
is relatively small, but that their properties are closely linked to the performance 
level of these technologies [11]. Rare earths play a particularly decisive role in the 
high performance functioning of magnets. The information provided in Table 2 
has been adapted from information derived from the U.S. Department of Energy, 
a report commissioned for the U.S. Interior Department and the U.S. Geological 
Survey, as well as industry trade publications [12–14]. Those rare earths considered 
to be of the highest potential resale value (and the highest risk for supply shortages) 
are neodymium (Nd), europium (Eu), dysprosium (Dy), terbium (Tb) and yttrium 
(Y) [12, 14].

Recent technological developments, including improvements to the mecha-
nization process as well as pilot projects that combine low-tech and mechanized 

Element Main applications Total tons/year [2006]

Silver Contacts, switches, solders 6000

Gold Bonding wire, contacts, integrated circuits 300

Palladium Multilayer capacitors, connectors 33

Platinum Hard disk thermocouple, fuel cell 13

Ruthenium Hard disk, plasma displays 27

Copper Cable, wire connector 4,500,000

Tin Solders 90,000

Antimony Flame retardant; CRT glass 65,000

Cobalt Rechargeable batteries 11,000

Bismuth Solders, capacitor 900

Selenium Electro-optic copier, solar cell 240

Indium LCD glass, solder, semiconductor 380

Source: [2].

Table 1. 
A sample of valuable elements in electronic wastes.
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ics, particularly those with LED lighting and touch screen technologies. Rare earth 
elements are available in abundant quantities globally, but the process of their 
extraction can create widespread environmental problems, including radioactive 
contamination [10]. Table 2 provides a list of the rare elements that are used in vari-
ous electronics. It is worth noting that the actual quantity of these elements used 
is relatively small, but that their properties are closely linked to the performance 
level of these technologies [11]. Rare earths play a particularly decisive role in the 
high performance functioning of magnets. The information provided in Table 2 
has been adapted from information derived from the U.S. Department of Energy, 
a report commissioned for the U.S. Interior Department and the U.S. Geological 
Survey, as well as industry trade publications [12–14]. Those rare earths considered 
to be of the highest potential resale value (and the highest risk for supply shortages) 
are neodymium (Nd), europium (Eu), dysprosium (Dy), terbium (Tb) and yttrium 
(Y) [12, 14].

Recent technological developments, including improvements to the mecha-
nization process as well as pilot projects that combine low-tech and mechanized 

Element Main applications Total tons/year [2006]

Silver Contacts, switches, solders 6000

Gold Bonding wire, contacts, integrated circuits 300

Palladium Multilayer capacitors, connectors 33

Platinum Hard disk thermocouple, fuel cell 13

Ruthenium Hard disk, plasma displays 27

Copper Cable, wire connector 4,500,000

Tin Solders 90,000

Antimony Flame retardant; CRT glass 65,000

Cobalt Rechargeable batteries 11,000

Bismuth Solders, capacitor 900

Selenium Electro-optic copier, solar cell 240

Indium LCD glass, solder, semiconductor 380

Source: [2].

Table 1. 
A sample of valuable elements in electronic wastes.



Assessment and Management of Radioactive and Electronic Wastes

50

methods, have been targeted to make e-waste recycling more profitable. 
Improvements to the mechanization process are fairly straightforward. On the one 
hand, revisions to shredding and sorting machines have improved the consistency 
and quality of the materials that are gathered at the preprocessing stage. In addi-
tion to this, newly mechanized methods are being developed to extract additional 
streams of secondary raw materials that were not previously recoverable. The 
major developments in this arena have been the invention of ways to extract various 
rare earth elements from electronics. State of the art facilities in Japan and France 
that can extract rare earths have recently become operational [15, 16]. Continued 
investment in technologies to recycle rare earths is seen as a strategic priority of 
industrialized countries, as these materials are essential for technologies related 
to communications, defense, and other state objectives, yet most mining for these 
materials takes place in China, a global power that has recently imposed quotas 
on the quantities that it is willing to sell for export [12, 17–19]. Concerns over the 
security and stability of the supply of rare earths have driven the development 
of new mechanized technologies to recover these materials from a wide range of 
e-waste inputs. Cost effective technologies for recovering secondary neodymium, 
dysprosium and praseodymium from e-waste are being further developed by U.S.- 
based recyclers and research institutes [14]. Whether they are sited within the E.U., 
the U.S., or Japan, these newly operational recycling facilities will require a large 
quantity of e-waste inputs in order to be profitable. This challenge involves divert-
ing a significant portion of e-waste from landfills, and from the informal recycling 
industry in less-developed countries.

3. The role of extended producer responsibility in e-waste recycling

Estimates of how much electronic waste is generated globally within a given 
year vary widely [3, 20]. These estimates are based on the quantity and volume of 
various electronic items that are purchased in a given year, with consideration to the 
anticipated life expectancy of that particular item [21]. Surveys of recyclers on the 
volume of electronics collected can also be factored in, but it is important to note 
that a significant portion of consumer e-waste is either stored in consumers’ homes 
or is mixed in with regular household waste and disposed of into landfills [22]. 

Technology Rare earths used

Electric and hybrid cars (NiMH battery) Neodymium, praseodymium, dysprosium, 
terbium

Computers (magnets in hard disk drive) Neodymium, praseodymium, dysprosium, 
terbium

Flat panel screens (glass coating to produce colors and 
brightness)

Yttrium, europium, terbium, gadolinium, 
praseodymium, cerium

MRI machines (magnets) Neodymium, praseodymium, dysprosium, 
terbium, yttrium, europium

Smart phones (magnets and speakers) Neodymium, praseodymium, dysprosium, 
terbium, yttrium, europium

Other uses (including “chemicals, military weapons and 
delivery systems, and satellite systems” ([13], p. 12)

Cerium, lanthanum, yttrium, neodymium, 
praseodymium, samarium, gadolinium

Sources: [12–14].

Table 2. 
Common uses of rare earth elements in electronic devices.
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In some instances, data on the amount of e-waste collected for recycling is avail-
able, such as in those regions that mandate producers to “take-back” consumers’ 
unwanted electronics. Such mandates originated as part of the concept of extended 
producer responsibility (EPR), which holds that the manufacturers of products 
with hazardous components should bear the logistic and financial burden of recy-
cling or disposing of their products in an environmentally responsible way [23].

While EPR legislation was initially opposed by manufacturers, the increased 
interest in the strategic importance and potential profitability of the secondary 
raw materials contained in e-waste (particularly the rare earth elements) has 
contributed to growing support for such legislation. Variations of EPR “takeback” 
laws have been put into effect across the globe, including in a number of U.S. states, 
across the European Union, and across many countries in Asia, Africa and Latin 
America [24]. These laws signal a potential shift away from electronics recycling 
taking place primarily in the informal sector, and towards the growth of the formal-
ized e-waste recycling industry.

With a growing number of EPR laws mandating manufacturers to take extended 
responsibility for the environmentally sound recycling of their products, there has 
been an increase in the number of pilot projects and public-private partnerships 
to collect and recycle electronics in ways that are efficient and cost-effective [25]. 
Some of these projects entail the transport of e-wastes across national boundaries, 
and have fallen under the purview of the Basel Convention on the Control of the 
Transboundary Movements of Hazardous Wastes and Their Disposal (the Basel 
Convention). Over the years, The Basel Convention has convened technical working 
groups and conducted pilot projects, both of which have resulted in the develop-
ment of technical guidelines for the handling and management of e-waste [26–28].

Under the purview of the United Nations University, additional pilot projects 
are being developed to facilitate a globalized e-waste recycling chain that involves 
labor-intensive dismantling and preprocessing in countries with lower labor costs 
(e.g., China, India, African countries), and high-tech end-processing in countries 
with more modern facilities (e.g., the EU countries) [3, 25]. Major recycling cor-
porations, electronics manufacturers, and government officials believe that such 
partnerships will insure a higher volume of input for large, high-tech smelters and 
provide access to the secondary raw materials that were previously “dumped” or 
otherwise retained within the global South countries where informal recycling 
currently takes place [2, 3].

4.  Environmental and human health hazards of electronic waste 
recycling

The extent to which many of the other materials found in electronics are hazard-
ous to human health and the environment is increasingly well-known. Electronics 
often contain toxic elements such as lead (Pb), cadmium (Cd), polychlorinated 
biphenyls (PCBs), polybrominated biphenyls (PBBs) and mercury (Hg) as well as 
other toxic components such as PVC and brominated flame retardants (BFRs) [29]. 
Table 3 presents a list of some of the known hazardous components found in the 
typical desktop computer (with CRT monitor). This table is an adaptation of mate-
rial presented by the Silicon Valley Toxics Coalition [30] in their report “Poison PC’s 
and Toxic TV’s” and toxicity data from Ceballos et al. [31].

Many of the health effects outlined in Table 3 have been documented in the town 
of Guiyu, China, where perhaps the greatest portion of the U.S.’s e-waste exports have 
been deposited historically. Here, almost 80% of children have respiratory problems, 
and they have an especially high risk of lead poisoning [32]. Neurological, respiratory, 
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volume of electronics collected can also be factored in, but it is important to note 
that a significant portion of consumer e-waste is either stored in consumers’ homes 
or is mixed in with regular household waste and disposed of into landfills [22]. 

Technology Rare earths used

Electric and hybrid cars (NiMH battery) Neodymium, praseodymium, dysprosium, 
terbium

Computers (magnets in hard disk drive) Neodymium, praseodymium, dysprosium, 
terbium

Flat panel screens (glass coating to produce colors and 
brightness)

Yttrium, europium, terbium, gadolinium, 
praseodymium, cerium

MRI machines (magnets) Neodymium, praseodymium, dysprosium, 
terbium, yttrium, europium

Smart phones (magnets and speakers) Neodymium, praseodymium, dysprosium, 
terbium, yttrium, europium

Other uses (including “chemicals, military weapons and 
delivery systems, and satellite systems” ([13], p. 12)

Cerium, lanthanum, yttrium, neodymium, 
praseodymium, samarium, gadolinium

Sources: [12–14].

Table 2. 
Common uses of rare earth elements in electronic devices.

51

Electronic Waste Recycling and Disposal: An Overview
DOI: http://dx.doi.org/10.5772/intechopen.85983
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unwanted electronics. Such mandates originated as part of the concept of extended 
producer responsibility (EPR), which holds that the manufacturers of products 
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across the European Union, and across many countries in Asia, Africa and Latin 
America [24]. These laws signal a potential shift away from electronics recycling 
taking place primarily in the informal sector, and towards the growth of the formal-
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With a growing number of EPR laws mandating manufacturers to take extended 
responsibility for the environmentally sound recycling of their products, there has 
been an increase in the number of pilot projects and public-private partnerships 
to collect and recycle electronics in ways that are efficient and cost-effective [25]. 
Some of these projects entail the transport of e-wastes across national boundaries, 
and have fallen under the purview of the Basel Convention on the Control of the 
Transboundary Movements of Hazardous Wastes and Their Disposal (the Basel 
Convention). Over the years, The Basel Convention has convened technical working 
groups and conducted pilot projects, both of which have resulted in the develop-
ment of technical guidelines for the handling and management of e-waste [26–28].

Under the purview of the United Nations University, additional pilot projects 
are being developed to facilitate a globalized e-waste recycling chain that involves 
labor-intensive dismantling and preprocessing in countries with lower labor costs 
(e.g., China, India, African countries), and high-tech end-processing in countries 
with more modern facilities (e.g., the EU countries) [3, 25]. Major recycling cor-
porations, electronics manufacturers, and government officials believe that such 
partnerships will insure a higher volume of input for large, high-tech smelters and 
provide access to the secondary raw materials that were previously “dumped” or 
otherwise retained within the global South countries where informal recycling 
currently takes place [2, 3].

4.  Environmental and human health hazards of electronic waste 
recycling

The extent to which many of the other materials found in electronics are hazard-
ous to human health and the environment is increasingly well-known. Electronics 
often contain toxic elements such as lead (Pb), cadmium (Cd), polychlorinated 
biphenyls (PCBs), polybrominated biphenyls (PBBs) and mercury (Hg) as well as 
other toxic components such as PVC and brominated flame retardants (BFRs) [29]. 
Table 3 presents a list of some of the known hazardous components found in the 
typical desktop computer (with CRT monitor). This table is an adaptation of mate-
rial presented by the Silicon Valley Toxics Coalition [30] in their report “Poison PC’s 
and Toxic TV’s” and toxicity data from Ceballos et al. [31].

Many of the health effects outlined in Table 3 have been documented in the town 
of Guiyu, China, where perhaps the greatest portion of the U.S.’s e-waste exports have 
been deposited historically. Here, almost 80% of children have respiratory problems, 
and they have an especially high risk of lead poisoning [32]. Neurological, respiratory, 
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digestive and bone problems are not uncommon among the workers and their families 
[32]. In addition to these toxicological threats, which include long-term implications 
for both health and the environment, the threats posed by the recycling of e-waste 
are even greater when certain recycling methods are employed [33–36]. For example, 
the informal recycling practice of burning plastic cables to retrieve the copper inside 
releases dioxins in the air via the burning PVC in the plastic. In more sophisticated 
operations (most typically found in Asian countries), a process of leaching printed 
circuit boards with acids (including nitric acid and hydrochloric acid) in order to 
maximize the amount of gold recovered can cause burns, respiratory and circulatory 
problems, pulmonary edema and death [2, 4, 36]. The acid stripping leaves behind a 
toxic residue that oftentimes is disposed of in waterways where it can acidify water 
and destroy wildlife and vegetation [36–38]. Heavy metal dust can travel to more 
populous areas and contaminate food supplies and greater populations [39, 40].

There have also been studies on the occupational health and environmental 
risks associated with high-tech e-waste recycling, with experts noting that much 
more research needs to be done in this area in order to gain a more accurate assess-
ment of these risks [41–45]. Many of these studies are based on or informed by 
field research and experiments that measure concentrations of toxic chemicals in 
the workers, air, and environment around high-tech recycling facilities. There are 
indications in these studies that technologies such as the introduction of face masks 
and improved ventilation do decrease occupational exposures to a number of heavy 
metals and other hazardous chemicals.

In the U.S., a survey of 276 electronic waste recycling facilities was recently 
completed by the U.S. National Institutes of Occupational Safety and Health 
(NIOSH) [31]. It is especially relevant to note that this report finds that “most” of 
the responding facilities rely on manual dismantling, similar to the approach being 
applied in new and pilot facilities in less developed countries. It is also worth noting 
that a majority of the responding facilities were certified as environmentally sound 
either through the industry standard RiOS, the EPA standard R2 Solutions, or the 
activist standard e-Stewards. Hence, these facilities are likely to represent the “best 

Element Main applications Weight 
(per 60 lb)

Dangers

Lead Metal joining, radiation 
shield/CRT, printed wiring 

board

3.8 Human effects: neurological, blood, 
kidney damage. Brain damage and 

poisoning/death for children
Accumulates in the environment

Mercury Batteries, switches/
housing, printed wiring 

board

<0.1 Human effects: long term brain 
damage and other neurological effects
Concentrates through the food chain.

Cadmium Battery, blue/green 
phosphor emitter/housing, 
printed wiring board, CRT

<0.01 Human effects: acute and chronic 
damage to the kidneys

Plastics 
(including 
those 
containing 
PVC and 
BFRs)

Casing, cable coating 22.99 PVC effects: developmental toxin, 
reproductive toxin, endocrine 

disruptor. Carcinogenic when burned 
due to production of dioxins

BFR effects: endocrine disruptor, 
neurotoxin, carcinogen (in humans 

and animals)

Sources: [30, 31].

Table 3. 
A sample of hazardous elements in an older-model PC.
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case scenario” in electronics recycling. Overall, NIOSH concluded that “e-scrap 
recycling has the potential for a wide variety of occupational exposures particularly 
because of the use of manual processes” [31]. One of the primary concerns listed in 
the report is the potential for exposure to “metal dust” during the process of manual 
dismantling [31]. Specifically, the report notes that it is unclear whether most 
facilities have installed proper filtration systems in order to remove metal dust from 
the air (since the majority of the facilities circulate air within the production area 
or rely on “natural ventilation”). The report also notes the use of compressed air 
for cleaning which can heighten exposure to metal dusts. While the initial NIOSH 
report says that acute exposure to heavy metals such as lead is unlikely, the report 
notes that “chronic lead poisoning, which is more likely at current occupational 
exposure levels, may not have symptoms or they may have nonspecific symptoms 
that may not be recognized as being associated with lead exposure” [31].

Following the publication of the NIOSH report, additional studies of on-site 
occupational exposures in formal e-waste recycling facilities have been completed. 
Researchers reviewed 37 studies of the occupational hazards associated with formal 
e-waste recycling and concluded that, despite clear improvements to worker and 
environmental health when compared with informal recycling, “formal e-recycling 
workers and their families may experience unhealthful exposures to metals” [46]. 
The authors recommend further research “to reduce chemical exposures from 
formal e-waste recycling,” along with the development of electronics components 
that are easier to safely disassemble, along with reducing the use of hazardous 
components in the manufacture of electronics [46]. With e-waste now considered 
to be the fastest growing stream of hazardous waste in the world, there is an urgent 
imperative to implement solutions to reduce the risks associated with e-waste 
recycling [47].

5. Conclusion

The design, production, sale and use of electronics takes place at the global scale. 
These initial stages in the life cycle of electronics pose a series of hazards to human 
health and the environment. Similarly, the disposal and recycling of electronics 
routinely entails the movement of hazardous materials across national borders. 
Growing government and industry interest in the recovery of secondary raw mate-
rials, such as the rare earth elements from e-waste, is leading towards an increase in 
the: development of strategies to increase recycling rates (which currently stand at 
approximately 20% globally), as well as in the development of formal, mechanized 
processes for recycling e-waste at the end-processing stage. In some cases, this has 
entailed the development of enabling legislation such as EPR “take-back” laws, and 
in other cases this has led to pilot projects that promote partnerships between recy-
clers in the formal and informal sectors. While there are many additional steps that 
can be taken in order to ensure that recipients of waste are adequately prepared to 
manage and recycle them in an environmentally sound manner, progress has been 
made. As these developments unfold, regulation and oversight will play a decisive 
role in mitigating the myriad risks to human health and the environment that can 
result from e-waste recycling.
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digestive and bone problems are not uncommon among the workers and their families 
[32]. In addition to these toxicological threats, which include long-term implications 
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are even greater when certain recycling methods are employed [33–36]. For example, 
the informal recycling practice of burning plastic cables to retrieve the copper inside 
releases dioxins in the air via the burning PVC in the plastic. In more sophisticated 
operations (most typically found in Asian countries), a process of leaching printed 
circuit boards with acids (including nitric acid and hydrochloric acid) in order to 
maximize the amount of gold recovered can cause burns, respiratory and circulatory 
problems, pulmonary edema and death [2, 4, 36]. The acid stripping leaves behind a 
toxic residue that oftentimes is disposed of in waterways where it can acidify water 
and destroy wildlife and vegetation [36–38]. Heavy metal dust can travel to more 
populous areas and contaminate food supplies and greater populations [39, 40].

There have also been studies on the occupational health and environmental 
risks associated with high-tech e-waste recycling, with experts noting that much 
more research needs to be done in this area in order to gain a more accurate assess-
ment of these risks [41–45]. Many of these studies are based on or informed by 
field research and experiments that measure concentrations of toxic chemicals in 
the workers, air, and environment around high-tech recycling facilities. There are 
indications in these studies that technologies such as the introduction of face masks 
and improved ventilation do decrease occupational exposures to a number of heavy 
metals and other hazardous chemicals.

In the U.S., a survey of 276 electronic waste recycling facilities was recently 
completed by the U.S. National Institutes of Occupational Safety and Health 
(NIOSH) [31]. It is especially relevant to note that this report finds that “most” of 
the responding facilities rely on manual dismantling, similar to the approach being 
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either through the industry standard RiOS, the EPA standard R2 Solutions, or the 
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case scenario” in electronics recycling. Overall, NIOSH concluded that “e-scrap 
recycling has the potential for a wide variety of occupational exposures particularly 
because of the use of manual processes” [31]. One of the primary concerns listed in 
the report is the potential for exposure to “metal dust” during the process of manual 
dismantling [31]. Specifically, the report notes that it is unclear whether most 
facilities have installed proper filtration systems in order to remove metal dust from 
the air (since the majority of the facilities circulate air within the production area 
or rely on “natural ventilation”). The report also notes the use of compressed air 
for cleaning which can heighten exposure to metal dusts. While the initial NIOSH 
report says that acute exposure to heavy metals such as lead is unlikely, the report 
notes that “chronic lead poisoning, which is more likely at current occupational 
exposure levels, may not have symptoms or they may have nonspecific symptoms 
that may not be recognized as being associated with lead exposure” [31].

Following the publication of the NIOSH report, additional studies of on-site 
occupational exposures in formal e-waste recycling facilities have been completed. 
Researchers reviewed 37 studies of the occupational hazards associated with formal 
e-waste recycling and concluded that, despite clear improvements to worker and 
environmental health when compared with informal recycling, “formal e-recycling 
workers and their families may experience unhealthful exposures to metals” [46]. 
The authors recommend further research “to reduce chemical exposures from 
formal e-waste recycling,” along with the development of electronics components 
that are easier to safely disassemble, along with reducing the use of hazardous 
components in the manufacture of electronics [46]. With e-waste now considered 
to be the fastest growing stream of hazardous waste in the world, there is an urgent 
imperative to implement solutions to reduce the risks associated with e-waste 
recycling [47].

5. Conclusion

The design, production, sale and use of electronics takes place at the global scale. 
These initial stages in the life cycle of electronics pose a series of hazards to human 
health and the environment. Similarly, the disposal and recycling of electronics 
routinely entails the movement of hazardous materials across national borders. 
Growing government and industry interest in the recovery of secondary raw mate-
rials, such as the rare earth elements from e-waste, is leading towards an increase in 
the: development of strategies to increase recycling rates (which currently stand at 
approximately 20% globally), as well as in the development of formal, mechanized 
processes for recycling e-waste at the end-processing stage. In some cases, this has 
entailed the development of enabling legislation such as EPR “take-back” laws, and 
in other cases this has led to pilot projects that promote partnerships between recy-
clers in the formal and informal sectors. While there are many additional steps that 
can be taken in order to ensure that recipients of waste are adequately prepared to 
manage and recycle them in an environmentally sound manner, progress has been 
made. As these developments unfold, regulation and oversight will play a decisive 
role in mitigating the myriad risks to human health and the environment that can 
result from e-waste recycling.
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Chapter 5

Wastes from Industrialized
Nations: A Socio-economic Inquiry
on E-waste Management for the
Recycling Sector in Nigeria
Ojiyovwi Johnson Okorhi, Douglason Omotor
and Helen Olubunmi Aderemi

Abstract

An “assessment of waste electrical and electronic equipment (WEEE or e-waste)
management strategies in Southeastern Nigeria” was conducted towards suggesting
appropriate implementable measures. This submission presents a key outcome of a
socioeconomic study on factors influencing the paths of e-waste generation and con-
trol with a view to suggesting innovative measures and market potentials for firms in
the recycling sector. The concept of the study highlighted strategic features in-line
with the socioeconomic assessment of e-waste management. Potentials for innovation
in e-waste recycling were discussed in-line with elements of sustainability. The
research introduced investigative methods by questionnaire administration. Purposive
selections of local government areas were made from five mutually exclusive states.
Data were analyzed using descriptive statistics. Results revealed the reasons limiting
e-waste management trends to include cheap pricing, availability, quality, as well as
superiority of obsolete e-devices to newer EEE. Sustainable benchmarks for evaluating
and adopting e-waste recycling technologies were recommended.

Keywords: waste electrical and electronic equipment (WEEE or e-waste),
recycling, socioeconomic, innovation, southeastern Nigeria, sustainability,
technologies

1. Introduction

As one of the main growing waste streams globally [1, 2], a phenomenal increase
in the quantities of disposed waste electrical and electronic equipment (WEEE or
e-waste) was globally recorded in more than a few parts [3, 4], therefore, seeking
for interventions from policy makers and practitioners, as well as the scientific
community. The quantity of disposed electrical and electronic equipment (EEE) has
been described to increase at a high rate, especially in industrialized countries
where markets are flooded with large volumes. Today, the short product lifecycles
and rapid innovation in EEE production have resulted in large number of rather
new products been thrown away [5, 6]. Estimations places the annual globally
volume of generated e-waste to be between 20 and 50 million tonnes [1, 3, 7]. There
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1. Introduction

As one of the main growing waste streams globally [1, 2], a phenomenal increase
in the quantities of disposed waste electrical and electronic equipment (WEEE or
e-waste) was globally recorded in more than a few parts [3, 4], therefore, seeking
for interventions from policy makers and practitioners, as well as the scientific
community. The quantity of disposed electrical and electronic equipment (EEE) has
been described to increase at a high rate, especially in industrialized countries
where markets are flooded with large volumes. Today, the short product lifecycles
and rapid innovation in EEE production have resulted in large number of rather
new products been thrown away [5, 6]. Estimations places the annual globally
volume of generated e-waste to be between 20 and 50 million tonnes [1, 3, 7]. There
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have been substantial media reports on transboundary movement of WEEE in
Nigeria [8]. Records in 2011 shows that Nigeria imported 1.2 million tonnes of new
e-devices and generated e-waste of 1.1 million tonnes [9]. With these mounting
quantities of WEEE, focus attention is now extended from how WEEE is managed
to include reasons for the rising volume and avenues for it to be avoided [10].

Many nations are now faced with the task of handling e-waste that are internally
generated and those imported from abroad. Findings revealed that many used
electrical and electronics equipment (UEEE) shipments into developing nations are
combinations of nearly 25% of disused or end-of-life (E.o.L) e-devices and more
than 75% of e-waste [9]. On the contrary, e-waste, though a take on problem, could
be an important and alternate source for manufacturing materials whenever it is
collected, dispersed and reprocessed properly [10–12]. An entirely new business
opportunity is developing with the merchandising, recycling and reprocessing of
WEEE [12, 13]. Subjective evidences suggest that there are insufficient actions of
management functions for WEEE activities in most emerging nations [7, 9, 14].
Modern trends in recycling of WEEE, still fall short of global practice. Hence, the
slow and steady upsurge in the volume of WEEE generated thereby strengthening
the concern for waste recovering to protecting valuable materials and safeguarding
human health and the environment [1, 13].

Nigeria’s approach to WEEE management is seen as considering such emerging
waste more on a basis of socioeconomic benefits instead of a long-term human
health and environmental effects [7]. Reports by several authors including those by
the Öko-Institut and Green Advocacy Ghana in 2010 [15] and Osibanjo and
Nnorom [4] revealed that this is driven by an approach to catch-up with the “digital
divide” through imports of low-priced near E.o.L EEE from industrialized coun-
tries. Many E.o.L e-devices are reasonably stockpiled instead of direct disposal with
everyday household refuse [16]. Policy regulators and monitors at the local govern-
ment areas (LGAs), whose mandates covers solid waste management [17], have
unsuccessful establish workable management policy for e-waste management [10].
In several industrialized countries with workable policy frameworks for e-waste,
there have raised new businesses revolving around tradeoff, reprocessing and
repairs of E.o.L EEE [18]. Primarily, this has been linked to the huge volume of
precious metals found inside e-waste. The ratio of prized metals to waste in various
E.o.L EEE (especially iron, aluminum, copper, gold etc.) is found to supersede its
associated pollutants, therefore encouraging recycling in the e-waste sector [19].
Therefore, the study assessed the socioeconomic factors swaying the paths of e-
waste generation and control in Southeastern Nigeria with a view to suggesting
innovative measures and market potentials for firms in the recycling sector.

2. WEEE streams: The trail to developing nations

The main sources for WEEE inflow into Nigeria is mapped out to include the
container market and RoRo market [18]. It is estimated daily that 500 containers of
used laptops, computers, televisions and other e-devices are imported into Nigeria
Ports [9]. The 2011 Basel Report noted that e-waste comes to Africa predominately
from Europe (majorly through the ports of Felixstowe, Amsterdam and Antwerp).
The Nigerian counterpart, Belgian Customs estimates that nearly 90% of these
prohibited shipments influx Nigeria environment from co-loaded automobiles with
E.o.L EEE [7, 18]. On inspection, many of the exports have problematic contents or
are in fact mislabeled for ease of shipment of what are in fact illegal goods. In 2008,
the inspection of containers by the Nigeria Customs led to the discovery of 127
e-waste containers, from which 47 of them considered hazardous were reversed and
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shipped to the origin sources abroad. Up to 2011, the National Environmental
Standards and Regulations Enforcement Agency (NESREA) had impounded five
vessels carrying WEEE destined for Nigeria [9].

2.1 Bearings of the WEEE value-chain in Nigeria

e-Waste management in Nigeria is now been tackled not only by relying on
prohibiting illegal imports, but by embracing other management strategies through
the processes of generation, collection, handling, recovery, recycling and towards
final disposal. In this regard, e-waste is considered with the idea of evaluating
consumer’s behavioral and its socioeconomic implications [15, 18]. Following the
Basel Report on e-waste for 2011, a well-coordinated cluster of e-waste recyclers in
some regions across West Africa focused their collection activities mainly on UEEE
(or end-of-life EEE) and discarded e-waste. These traders source the items from
locally generated and foreign imports which is based on categories of items been
savaged [7]. The report showed that those in the recycling sector are engaged in
recovering e-waste from waste streams, worked on these items and recovered
several types of components and materials. Such recovered components from
disassembled devices sometimes sever as sources for repair spare-parts. In another
report, Lagos, Nigeria has two main recycling clusters located at Alaba International
Market and Ikeja Computer Village employing nearly 15,000 technicians and
traders with more than 5000 registered enterprises [10]. These two locations were
characterized with high patronage by Nigerians, as well as West and Central Afri-
can nationals in the sales and professional repairs of refurbished EEE.

Furthermore, it is on record that the collection, handling and refurbishing of e-
waste in Nigeria take place mainly in the informal sector of recycling by inexperi-
ence, low-class, illiterate and undocumented-business individuals. Some of these
scavengers, with no prior training and little investment, move around neighbor-
hoods and waste dumps with their handcarts to collect (or in some cases buy)
disused e-devices and related metal scraps that contain valuable like aluminum,
copper, brass, iron, etc. [7]. These items recovered are then sold directly to cottage
recycling businesses (engaged in dismantling to recover valuable components) or to
secondary traders that organize large-scale sales to local and foreign recycling firms
[10]. The remnant from the dismantled items is often subjected to indiscriminate
disposals - including burning (especially plastics coated materials) [8, 16]. Besides,
these scavengers are guaranteed of steady access to daily pay, as the proceeds from
each day’s scouting immediately materialize on sales of the recovered components.

2.2 Pathways for e-waste generation and recycling of the households and
traders

The transboundary movement of UEEE/WEEE in industrialized nations varies
from one country to another. In certain instances, private households organize their
e-waste disposal by requesting either government service or private service, usually
for a price [1]. More often, the scheduled bulky waste pick-up service is managed by
private collectors who are often concerned with the afterward segregation of the
collected wastes towards recovery and recycling. Whereas, the measures used during
“recycling” in Nigeria are comparably considered crude and unstandardized. Recov-
ered components are sometimes sold for export to other places in Africa and Asia [7].

The transboundary movements of e-waste in West Africa countries is found to
be driven by a craving for UEEE/WEEE owing to its cheap pricing, quality and
durability [7, 8]. The brokers and traders of WEEE have been identified as some of
the key players in this trade. This sector ranges from household-arrangement to a
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bulky and well-arranged distributing syndicates. They are well organized and linked
from their point of shipment (Europe) to destination (Africa). Another influence in
the collection and handling of UEEE/WEEE is the recurrent visits of WEEE traders
to designated formal collection centers to request certain useful items for free with a
view to process them for export outside Europe [1, 20]. In this vein, some amount
of e-waste somehow finds its way into informal arrangements. Consequently items
originally designated for recycling plants are diverted from the formal value-chain
into the informal sector. The Basel Report of 2011 stressed that this trail of UEEE
from the formal recyclers to informal recyclers is the deviation orchestrated by
some registered middlemen to illicit traders (or informal recyclers). These brokers
act as logistic firms or sub-contractors in scheduling pick-up services for WEEE,
and in many instances consent certain items requested by WEEE traders from the
waste streams [7]. In turn losing track of what becomes of such items at the end.

2.3 The nexus of e-waste and the SDGs

As e-waste recycling scheme is gaining more attention, there remains slow
competitiveness for the adaptation of innovative technologies in the preprocessing
of WEEE. Hence, there is a strong need for the adoption of frontier technologies in
recycling. Consequently, the problems of WEEE could be linked to the sustainable
development goals (SDGs) in areas of building strong businesses, promoting inclu-
sive and sustainable industrialization and fostering innovation (goal-9); justifiable
economic growth, complete and productive employment with decent working
environment for everyone (goal-8); as well as maintaining sustainable resources
usage and production patterns (goal-12) [21]. Therefore, sustainable management
of e-waste in Nigeria and its possible recycling is of high relevance to the SDGs—the
planet goals—especially to the prosperity goals, and particularly to goal-12.

2.4 Theories and concepts for the socioeconomic evaluation of e-waste
management

The old perception of waste disposal—“dilute and disperse” is no longer tenable,
rather a novel model of “concentrate and contain” has paved way to an idea referred
to as the “Integrated Waste Management Scheme” [16, 22]. Generated waste is now
deliberated as wealth out of place. Numerous waste items can now be collected,
refurbished, and reused in the industries, agricultural, construction and building
sectors etc. thereby safeguarding natural resources and energy in production of new
items. Such measures also minimize environmental effects and relative health issues
that could arise from the continuous exploitation of natural resources [10, 23]. This
study is driven by the Pongrácz “theory of Waste Management” which is grounded
on an agreed expectation that waste management can prevent waste to safeguard
man and his environment. It assumes that the practice of waste management would
avoid resources losses by turning waste to resources and conserving natural
resources. Hence, the theory suggests that “we shall prevent waste from being
produced by producing useful products (non-wastes) primarily” [11].

Hence, a conceptual framework (Figure 1) was developed to address the socio-
economic factors for the sustainable management of WEEE in the Recycling Sector.
The fundamental aspects in this e-waste framework include the “Political, Institu-
tional, Social, Financial, Economical and Technical”. There are four contextual
concerns raised in WEEE management which are namely: “Environmental, Socio-
cultural, Political and Economic” [10, 16, 24].

Individuals’ behavior and approach to managing their generated wastes differs
owing to their social and cultural traits. For example, people living in a fast

62

Assessment and Management of Radioactive and Electronic Wastes

developing low-income community have been found to constitute a majority of
diverse indigenous group with social difference gap. With such gap of the populace,
organizing a thorough e-waste management at such places would be challenging.
Secondly, the concern of lobbyists, interest groups and political parties would
definitely affect to a large extent the kind of management strategies that is finally
put in place for managing e-waste in a community [24]. Therefore, there is a need
to incorporate in every stage of the policy making process individuals’ views and
participation. Lastly, the purpose of e-waste management, its technical and organi-
zational scheme would depend in general on both the economic context of the
inhabitants and the economy of the town. For example, in some fast developing
towns like Enugu, Onitsha and Aba in Southeastern Nigeria, there are renowned
specialized markets boosting informal trade in Fast Moving Consumer Goods with
high trade volumes [25], and its highly characterized waste management problems
[26]. Consequently, the level of economic development is a vital factor in the
amount and composition of e-waste generated in that place [27]. Therefore, to
accomplish the objective of this paper, the authors focused on assessing the strategic
aspects revolving the political structure, social context, individual economy and
technical inputs.

2.5 Market potential of innovative e-waste recycling at firm level

The industrialization of Africa could be achieved through sustainable innovation
and awareness creation of its innovation potentials. According to a report published
by Schluep et al. in 2009 [28], sustainable innovation refers to the shift of sustain-
able technologies, products and services to the marketplace, requiring a market
creation concept and a shared global agenda. Whereas, environmental management
and sustainability focuses on finding solutions to global pressing environmental

Figure 1.
Conceptual framework for WEEE management strategies (Adapted from Okorhi [9], assessment of WEEE
management strategies in South Eastern Nigeria).
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problems. It is said that the best available environmentally sound management
(ESM) systems are programs and techniques that produces sustainable environ-
ment through its protection, paving way for safer health and working conditions,
generating employment as well as other socioeconomic benefits [10]. In pursuit of
these, there arises the deployment of frontier strategies (including the 5Rs) in e-
waste management. However, the activities of metal recyclers in Nigeria are sec-
ondarily connected with the e-waste recycling sector, because the business outputs
are a measure of functional items and valuable components rather than just raw
materials [7]. Though, the 2011 Basel Report found the sector producing significant
amount of e-waste. This is because the e-waste recycling sector in Nigeria is domi-
nated by firms (or individuals) with “informal” arrangements which collect WEEE
at random, manually dismantling (or sorting), preprocessing, selling valuable com-
ponents and, disposal of the leftovers [10]. On the other hand, prized metals
present in printed wiring boards (PWBs) are hardly collected for export to
recycling facilities, and when that happens, the selling price is often below world
market prices and discouraging to WEEE traders [7]. Also, some devices extracted
from WEEE are used as spare parts in the repairs of faulty EEE.

Obviously, the ease to getting vital production materials used in the manufac-
ture of new EEE is progressively attracting concern as global reserves of raw mate-
rials is fast declining and becoming more expensive [1]. The overall aim for
“formal” e-waste recycling is to avert hazardous materials from WEEE in an ESM
manner; recover prized items as much as possible; build an eco-friendly and sus-
tainable SMEs and; consider the socio-economic implications [24]. Consequently,
the recycling of e-waste is a key strategy for reducing “stockpiled” waste streams,
minimizing the consumption of natural resources as well as improving energy
usage. In this light, the paper briefly discuss the sustainability benchmarks for
evaluating and adopting technologies for e-waste recycling; some innovative WEEE
recycling technologies that could be adopted by recycling firms; as well as the
market potential for e-waste recycling in many developing nations.

For a better consideration of the procedure for selecting innovative e-waste
recycling technologies in developing countries, Schluep et al. [28] suggested, among
others, the importance of sustainability benchmarks. Table 1 shows the sustain-
ability benchmarks for evaluating and adopting technologies for WEEE recycling in
developing nations, including Nigeria. The benchmarks to compare the innovation
of technologies were then grouped with elements of sustainability. Whereas,
Table 2 shows some innovative e-waste recycling technologies that could be
adopted by e-waste recycling firms in Nigeria.

To sum up, the market potential for e-waste recycling are enormous as the
annual growth rate of WEEE in Nigeria is put at 10% in the volume of waste
generated [13]. It has been identified that a mid-term medium potential for inte-
grated e-waste smelting already exist in some countries of Asia, Africa, South and
North America [24]. Hence, from job creation, entrepreneurship and sustainability
viewpoints, the “informal” practices of collection and manually dismantling of e-
waste may not really require a transformation to a “formal” arrangement using
high-tech equipment for the processing of WEEE [29]. The innovative technologies
been continuously adapted by the larger informal sector in Nigeria is gaining
ground [7]. Opportunities in recycling of e-waste arise in the improvement of the
processing of cable-coated from poly-vinyl-chloride and insulators, and poly-
brominated biphenyls coated plastics. Also is the collection of large quantities of
PWBs for export and fair pricing. By using the voluntary carbon standard (VCS) or
carbon action reserve (CAR) schemes, there is now the potential of recovering
chlorofluorocarbon from cooling units and insulation foam which in turn brings
both environmental and economic gains [7]. It was also suggested that the improved
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utilization of polystyrene from e-waste recycling would guarantee a higher mone-
tary value from the pricing of carbon (IV) oxide.

3. Materials and methods

The methodical conception for this article is based on both reviews from
available literature on sustainability, innovations and management strategies for

Table 1.
Sustainability benchmarks for evaluating and adopting technologies for e-waste recycling in developing
countries (Adapted from Schluep et al. [28]).

Table 2.
Innovative e-waste recycling technologies for recycling firms (Adapted from Schluep et al. [28]).
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utilization of polystyrene from e-waste recycling would guarantee a higher mone-
tary value from the pricing of carbon (IV) oxide.

3. Materials and methods

The methodical conception for this article is based on both reviews from
available literature on sustainability, innovations and management strategies for

Table 1.
Sustainability benchmarks for evaluating and adopting technologies for e-waste recycling in developing
countries (Adapted from Schluep et al. [28]).

Table 2.
Innovative e-waste recycling technologies for recycling firms (Adapted from Schluep et al. [28]).
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e-waste, and results from e-waste survey carried out in Southeastern Nigeria. The
survey was carried out in mutually exclusive strata of States (Enugu, Anambra,
Ebonyi, Imo and Abia) with 95 local government areas (LGAs). A local government
area (LGA) was purposefully chosen from every senatorial district in each State,
and the fourth LGA was taken as the State’s capital. This selection was predicated on
the high volume of e-waste generated and handled in these LGAs. Altogether, 20
LGAs were picked for the survey, with 4 LGAs selected from each State. Question-
naires were administered in each of these LGAs to end-users, traders/recyclers, and
policy makers/monitors assessing the “socioeconomic of WEEE” of the study area.
A population of 280 respondents was surveyed. From the table for determining
sample size [30], a population of 280 respondents gives 162 sample size represen-
tatives of the respondents. Using qualitative and quantitative methods, the study
measured e-waste needs and demands; generation, collection and final disposal;
recycling measures; associated jobs; incomes to traders and technicians; as well as
technology frontiers. Both Table 3 and Figure 2 shows methodological approach
employed. The analysis that followed established the extent of reliability and a 95%
confidence level placed on the information elicited.

Sketchy findings suggest that a sustainable WEEE management scheme requires
sufficient and continuous financing, frontier technologies, an equipped working
environment and the right institutional motivations for key players [10]. The end-
users of WEEE are mainly responsible for the patronage/usage of these UEEE.
WEEE traders (or recycling firms) serve to collect and distribute these items, while
the monitoring agencies ensure execution of policies, taking feedbacks and acting as
check on other stakeholders. Hence, we administered three distinct questionnaires
to these three players. Table 4 shows an outline of the main areas of interest
captured in the respective questionnaire.

Three distinct questionnaires were administered to stakeholders. These are (1)
the policy regulators and managers vis-a-vis “NESREA, SON, State Environment
Protection Agencies, Environmental Health offices & Nigeria Customs Service”; (2)
e-waste traders/recyclers—“Dealers, Marketer, Retailers, Technicians and Refur-
bishers/Recyclers of WEEE”; and (3) e-waste consumers/end-users—“Households,
Government Institutions, Industries, Private Offices, Communication/Entertain-
ment Businesses, Educational and Health-Care Centers”.

The responses are presented in tables and figures in the sections that follow. The
tables depict a collection of these stakeholders, managerial framework and end-
users’ participation. It then measured waste disposal pattern by the consumers, as

Stakeholders Number
administered

Number
retrieved

% of
Number
retrieved

Number of valid
retrieved

questionnaire

% of valid
retrieved

questionnaire

Monitoring/
control agencies

40 40 100 35 12.50%

Distributors/
recyclers

40 29 72.5 29 22.86%

Consumers/
end-users

200 137 68.5 137 48.93%

Total 280 206 73.6% 201 71.79%

Source: Field Survey, 2015.

Table 3.
Schedule of questionnaire administered.
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well as factors leading to choice of strategies adopted for the final disposal of
e-waste recyclers and traders. It showed some of the strategies used by these entre-
preneurs in the gathering, management and final disposal of WEEE. Lastly, it
reflected on the socioeconomic drivers of e-waste, and the issues militating on
sustainable framework for e-waste management systems.

Figure 2.
Representation of the retrieved administered questionnaire.

S/No Outline of key areas of interest of
the questionnaire for “Socio-

economic assessment of e-waste”

Stakeholder(s) Questionnaire
type

administered

No. of
respondents

1 Administrative framework for
WEEE

Monitoring/control
agencies

A 35

2 End-user participation in WEEE
management activities

Monitoring/control
agencies

A 35

3 e-Waste disposal practices and
patterns by the consumers/end-

users

End-users/consumers B 137

4 Factors considered in adopting
strategies for final disposal of
WEEE by recyclers and dealers

Distributors/recyclers C 29

5 WEEE collection, handling and
disposal methods by entrepreneurs

and recyclers in South Eastern
Nigeria

Distributors/recyclers C 29

6 Socio-economic drivers on trends in
generation, collection and disposal

of WEEE

Monitoring/control
agencies; end-users/

consumers; distributors/
recyclers

A, B and C 201

7 Factors influencing technical
planning and design for WEEE

management systems

Monitoring/control
agencies

A 35

Table 4.
Key sections of the questionnaire.
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4. Results and discussions

4.1 Managerial framework for e-waste by policy administrators

Government’s Regulation S.I.28 of 2009 stresses that part of the plans for e-
waste management should comprise endorsing current guidelines and strategies for
“solid waste (including e-waste) management” through the conduct of baseline
surveys, instituting public health and environmental standards, and making sure
there is a monitoring program that include early warning system [6, 10]. Therefore,
the promotion of a supportive management strategies and plan of action for WEEE
was confirmed by 25(71.43%) policy administrators to be an all-encompassing
aspect of policy planning. Also, Table 5 revealed that 19(54.29%) administrators
affirmed government’s endorsement of regulations which enforces protection to the
environs against indiscriminate disposal of e-waste. Furthermore, results showed
that this strategy is supported with the development and implementation of strate-
gic work plans for this special waste in assisting stakeholders—23(62.71%) of these
respondents. Nonetheless, 8(22.86%) administrators affirmed that policy regulators
(tiers of government) put in place dedicated and competent bodies to implement
strategies for e-waste management, while nearly half of these officials—15(42.86%)
argued that such a specialized section or unit for an exclusive management of e-
waste do not exist in their establishments. Field observations showed that in few
places where such relative departments exited, it was rooted under units such as
“special waste unit” or “harmful waste division”, and it barely gets adequate
appropriations to combat these special wastes. Lastly, results revealed that the
management strategies for operation were considered unsuitable by a total of 25
(71.43%) policy regulators (from combining 8(22.86%), 13(37.14%) and 4(11.45%)
respondents).

4.2 Regulators opinion of end-users’ participation in e-waste management
activities

Public education and participation are necessary to support the plan of action for
e-waste management. This is in order to achieve an efficient implementation pro-
cess of management strategies. As depicted in Table 6, together 18(51.43%) policy
regulators affirmed government engagement in the sensitization of interested
parties. While more than half of them—19(54.29%) agreed that the populace is
amply involved with the implementation process of control strategies. However,
24(68.57%) respondents admitted that end-users simply comply with the
implemented strategies. Furthermore, these administrators also suggested that the
common means for e-waste sensitization were executed with Radio
jingles/programs—17(48.57%), Television announcement/documentaries
5(14.29%), Posters 5(14.29%), Handbills/flyers 5(14.29%), as well as (mobile
advertisements, campaigns, road-shows, etc.) 3(08.57%) respondents.

4.3 Disposal practices and patterns of e-waste by the end-users

Together Table 7 and Figure 3 underlined management strategies adopted and
practiced for e-waste by the customers. This assessment discovered that the most
common strategy adopted in the final disposal of WEEE by many homes and
businesses is the direct disposal of e-waste along with other regular solid wastes—96
(70.07%) respondents. Additional measures embraced by the households included
the reselling of disused EEE—32(23.36%), and stockpiling—21(15.33%). In few
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cases, end-users were found to abandon their defective e-devices with technicians/
recyclers who at times refurbish or recovers valuable components—21(15.33%)
end-users. In similarly manner, some consumers take apart components of simple
devices and reclaim functional parts—25(18.25%). Also, end-users admitted donat-
ing certain disused devices to individuals, friends, religion centers, schools, non-
governmental organizations (NGOs), etc.—19(13.89%). Besides, it was shown that

Q/N Policy instrument:
Does your agency:

To very
great
extent

To great
extent

To small
extent

To very
small
extent

Not at all

N % N % N % N % N %

Political
framework
for WEEE

1 Provide e-waste
management tenets in

written codes

4 11.45 4 11.45 5 14.29 5 14.29 17 45.57

2 Prepare and develop
working and

management plans to
stakeholders

6 17.14 17 45.57 10 28.57 1 02.86 1 02.86

3 Have adequate periodic
documentation on e-
waste quantity and
budgeting to support
management process

1 02.86 3 08.57 3 08.57 10 28.57 18 51.43

4 Establish a competent
body to implement e-
waste management

strategies

4 11.45 4 11.45 8 22.86 4 11.45 15 42.86

5 Monitor the sources of
e-waste into South
Eastern Nigeria

2 05.71 8 22.86 5 14.29 6 17.14 14 40.00

6 Monitor and protect the
environment against

illegal e-waste dumping

9 25.71 11 31.43 3 08.57 4 11.45 8 22.86

7 Promote strategies/
policies/legislations/
acts/regulations for
WEEE management

6 17.14 19 54.29 8 22.86 0 00.00 2 05.71

8 Promulgate edicts to
enforce protection

policies against illegal
disposal of WEEE

7 20.00 12 34.29 2 05.71 7 20.00 7 20.00

9 Enact appropriate
legislation on grading

rules, waste
minimization and so on

to back e-waste
management strategies

6 17.14 13 37.14 8 22.86 2 05.71 6 17.14

10 Are the strategies for
implementation
appropriate?

2 05.71 8 22.86 8 22.86 13 37.14 4 11.45

Total number of respondents = 35.
Source: Field Survey, 2015.

Table 5.
Administrative framework for WEEE.
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Administrative framework for WEEE.
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whatsoever strategy choice(s) chosen by the consumer, the state of the E.o.L EEE or
e-waste was definitely taken into account before disposal. 100(72.99%) end-users
said that their e-devices which were damaged beyond repairs would certainly be
thrown away. However, 4(02.92%) consumers agreed that they would rather throw
away any disused EEE which could likely be repaired. An additional 33(24.09%)
respondents proposed that E.o.L EEE or disused (obsolete) EEE would also be
thrown into the waste stream (Figure 3). In addition to the aforementioned deci-
sions, 91(66.42%) consumers established that they hardly apply any particular
stratification measure for generated e-waste before the final disposal into waste
streams. Specifically, 85(62.04%) end-users confirmed that their disused batteries
are disposed along with other household waste.

4.4 Factors influencing the adoption of strategies for the disposal of e-waste by
recycling firms

Starting with Table 8, several factors were admitted by the stakeholders as
reasons for the choice of final disposal of generated e-waste. The survey considered
some of these drives to include: obsolescence devices; damaged beyond parts; high
cost of maintenance/replacement of components; unavailable spare-parts; as well as
unwarranted e-devices. Additional reasons considered by the respondents included
business growth, innovation within the firm, slow processing speed of e-devices,
inadequate storage capacity of EEE, faults from power-surge, and fault resulting
from lightning. Field survey results [10] showed that many recyclers/technicians
throw away disused e-devices owing to outdated functionality—12(41.38%), and
when these items are broken beyond repair—15(51.72%). One more noteworthy
cause for this latter practice is the absence of replacement spare-parts—9(31.04%)
respondents. On the other hand, e-waste traders were unlikely to dispose of faulty
e-devices because of non-warranty (divestment)—9(31.04%); business
expansion—9(31.04%); power-surge faults—10(34.48%); as well as damages
occasioned by lightning—12(41.38%). These second factors are the obvious reasons
for e-waste stockpiling in my places and locations surveyed.

Q/N Policy instrument:
Does your agency:

To very
great
extent

To great
extent

To small
extent

To very
small
extent

Not at
all

N % N % N % N % N %

Public
education
and
participation

1 Educate the public
on e-waste

management scheme

7 20.00 11 31.43 2 05.71 2 05.71 13 37.14

2 Are all sectors of the
populace adequately
carried along during
implementation of

strategies?

2 05.71 9 25.71 14 40.00 5 14.29 5 14.29

3 Does all sectors
always comply with

the strategies
employed?

0 00.00 2 05.71 9 25.71 15 42.86 9 25.71

Total number (N) of respondents = 35.
Source: Field Survey, 2015.

Table 6.
End-user participation in WEEE management activities.
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Q/N (Section D—Consumers/end-users questionnaire)
Policy instrument

N %

Question Option

20 How do you discard your waste
electronics devices?

Keep in store room 21 15.33

Resell the devices 32 23.36

Disposed with general waste 96 70.07

Give them to a recycler 21 15.33

Donate to family, friends, school, NGO,
etc.

19 13.89

Return to the store where it was bought
for a reduction on the price of a new

device

11 08.03

Return to the seller on a buy-back
arrangement

2 01.46

Disassemble to reuse some parts 25 18.25

Put it on the street 2 01.46

Give it to hawkers 1 00.73

21 At what state do you do this? Broken—Not repairable 100 72.99

Broken—repairable 4 02.92

Old or out dated (Obsolete) 33 24.09

27 Do you apply any specific classification/
stratification for e-waste before
disposal?

Yes 15 10.93

No 91 66.42

Not Sure 31 22.63

28 How do you dispose used batteries? Disposed along with other waste 85 62.04

Stratified and disposed alone 18 13.14

Disposed along with other classified
hazardous waste

21 15.33

Total number (N) of respondents = 137.
Source: Field Survey, 2015.

Table 7.
e-Waste disposal practices and patterns by the consumers/end-users.

Figure 3.
Disposal measures adopted by the end-users for WEEE generated.
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inadequate storage capacity of EEE, faults from power-surge, and fault resulting
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Q/N Policy instrument:
Does your agency:

To very
great
extent

To great
extent

To small
extent

To very
small
extent

Not at
all

N % N % N % N % N %

Public
education
and
participation

1 Educate the public
on e-waste

management scheme

7 20.00 11 31.43 2 05.71 2 05.71 13 37.14

2 Are all sectors of the
populace adequately
carried along during
implementation of

strategies?

2 05.71 9 25.71 14 40.00 5 14.29 5 14.29

3 Does all sectors
always comply with

the strategies
employed?

0 00.00 2 05.71 9 25.71 15 42.86 9 25.71

Total number (N) of respondents = 35.
Source: Field Survey, 2015.

Table 6.
End-user participation in WEEE management activities.
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Q/N (Section D—Consumers/end-users questionnaire)
Policy instrument

N %

Question Option

20 How do you discard your waste
electronics devices?

Keep in store room 21 15.33

Resell the devices 32 23.36

Disposed with general waste 96 70.07

Give them to a recycler 21 15.33

Donate to family, friends, school, NGO,
etc.

19 13.89

Return to the store where it was bought
for a reduction on the price of a new

device

11 08.03

Return to the seller on a buy-back
arrangement

2 01.46

Disassemble to reuse some parts 25 18.25

Put it on the street 2 01.46

Give it to hawkers 1 00.73

21 At what state do you do this? Broken—Not repairable 100 72.99

Broken—repairable 4 02.92

Old or out dated (Obsolete) 33 24.09

27 Do you apply any specific classification/
stratification for e-waste before
disposal?

Yes 15 10.93

No 91 66.42

Not Sure 31 22.63

28 How do you dispose used batteries? Disposed along with other waste 85 62.04

Stratified and disposed alone 18 13.14

Disposed along with other classified
hazardous waste

21 15.33

Total number (N) of respondents = 137.
Source: Field Survey, 2015.

Table 7.
e-Waste disposal practices and patterns by the consumers/end-users.

Figure 3.
Disposal measures adopted by the end-users for WEEE generated.
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4.5 e-Waste management measures adopted by recycling firms

Table 9 suggests that the stakeholders involved in WEEE refurbishing and
recycling applies one or more of the seven standard strategies in the management of
generated e-waste. Many entrepreneurs and recyclers of WEEE in Southeastern
Nigeria manage their E.o.L EEE and e-waste by adopting strategies like Reuse of e-
waste—18(45%); Repair of disused devices—16(40%); and Incineration (burning)—
16(40%). In other occasions, technicians searched for and recycle peculiar compo-
nents from disused e-device that are valuable and could serves as repair spare-parts
for other faulty appliances. In such cases, e-waste is dismantled to retrieve these
valuable components and reuse directly during repairs or indirectly in developing of
new items. A computer technician confirmed the use of Light Emitting Diode

S/N Factors Ranking

Insignificant $ Most_Significant

1 2 3 4 5

N % N % N % N % N %

1 Functional obsolescence 4 13.79 2 06.70 5 17.24 6 20.67 12 41.38

2 Damage beyond repair 2 06.70 2 06.70 4 13.79 6 20.67 15 51.72

3 Cost of maintenance 4 13.79 8 27.59 7 24.14 7 24.14 2 06.70

4 Repair components not available 3 10.35 0 00.00 6 20.67 4 13.79 9 31.04

5 Divestment 9 31.04 9 31.04 4 13.79 3 10.35 4 13.79

6 Expansion of business 9 31.04 9 31.04 3 10.35 5 17.24 3 10.35

7 Business innovation 6 20.67 8 27.59 7 24.14 5 17.24 3 10.35

8 Processing speed inadequate 8 27.59 3 10.35 11 37.93 5 17.24 2 06.70

9 Storage capacity inadequate 7 24.14 8 27.59 6 20.67 6 20.67 2 06.70

10 Power surge 8 27.59 10 34.48 6 20.67 3 10.35 2 06.70

11 Lightning 12 41.38 4 13.79 6 20.67 2 06.70 5 17.24

Total number (N) of respondents = 29.
Source: Field Survey, 2015.

Table 8.
Factors considered in adopting strategies for final disposal of WEEE by recyclers and dealers.

Q/N (Section D) Policy instrument N %

1 Recycling of e-waste 13 32.50

Reuse of e-waste 18 45.00

Recovery of e-devices 10 25.00

Source reduction of generated e-waste 5 12.50

Repair of E.o.L electrical/electronic equipment 16 40.00

Landfill of waste 11 27.50

Incineration of waste 16 40.00

Total number (N) of respondents = 29.
Source: Field Survey, 2015.

Table 9.
WEEE collection, handling and disposal methods by entrepreneurs and recyclers in South Eastern Nigeria.
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salvaged from disused laptops in the development of electricity detector used in
homes. Likewise, some mobile phone businesses in major commercial towns in
Southeastern Nigeria were engaged to recalling E.o.L mobile phones on behalf of the
parent manufacturers. For instance, two sales outlets of a particular firm in Enugu
metropolis accepted from their customers E.o.L mobile phones as trade-in for a new
ones with an average of 70% price (of the new product) being committed by the
customer. This is apparent under agreed conditions dictated by the fronting firm to
the end-users. In contrast, it is important to mention that the assertion of using
incinerators as a strategy in managing e-waste is far from reality in the study area.
Observations from the study area revealed that stakeholders rather practiced surface
burning of WEEE and this takes place in a number of locations (mostly in low-lying
lands). This is clearly misjudged as incineration of e-waste. Despite the fact that both
processes lead to combustion of the waste materials, surface burning occurs in lower
temperatures of between 20°C and 300°C, and incineration involved higher temper-
atures ranges of up to 1000°C in an environmentally confined engineered plant that
traps ashes and non-combustibles remnants [22]. Not a single stakeholders surveyed
possesses or operates a confined incinerator for the aim of e-waste management.
Also, 11(27.50%) respondents admitted that generated e-waste was management by
landfilling. Yet again, observations on the field suggested otherwise. Similarly, land-
fills are well-engineered facilities designed, operated, carefully monitored, and
located off town. They are closely cared for even after years of closure. It could be
cleaned up when need be and pay for to insure adequate compliance with standard
environmental laws. From global perspective, several landfills maintenances are
intermittently managed by government’s prescribed environmental authorities. Most
of the surveyed policy regulators could not affirmed to have a well-engineered system
of landfill and incinerator in place in Southeastern Nigeria. Also, where claims of
landfilling practices took place in the surveyed area, it was another misrepresented
for a long term low-land repossession by using collected wastes as a feedstock.

4.6 The socioeconomic drivers on trends in the management of e-waste

Four factors were recognized and reflected as likely economic drivers which
determined the disposal pattern of obsolete EEE (or e-waste) in Southeastern Nige-
ria. These included cheaper e-devices, access to EEE, crave over inferior devices,
and the quest for superior EEE. Table 10 showed officials of the regulatory agencies
in the surveyed area strongly affirming some of these key economic drives as access
to e-waste—25(71.43%), as well as low-priced WEEE—16(45.71%). From this, a
line can be drawn from several literatures which have shown clear suggestions
buttressing the claims that Nigeria was undergoing rapid ICT revolution in recent
years [13]. As a result to connect with the “digital divide”, attempts were made by
individuals and e-waste traders to import cheap and (sometimes) durable E.o.L e-
devices (or e-waste) from developed countries into Nigeria. Also, Table 10 showed
that the upsurge in the demand by end-users and e-waste traders for UEEE (or e-
waste) could be linked to its cheap pricing—141(79.66%); device durability—96
(54.24%); economic class of consumers—77(43.50%); EEE accessibility—82
(46.33%); as well as the quality of WEEE and its superiority to (some brand) new
products. While the noting the factors influence the final disposal of e-waste, these
respondents associated these to high cost of disposal—43(24.29%); inadequate
storage space—38(21.47%); associated disposal fees—46(25.99%); quick obsolesce
of UEEE—42(23.73%); and the inaccessibility to formal recycling plants/facilities,
as well as enormous cost in setting up a formal recycling facility for e-waste dis-
posal. Owing to such associated cost, there exists only one eco-friendly electronic
waste recycling company—E-Terra in Nigeria.
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4.7 Factors swaying the planning and design for sustainable e-waste
management systems

The laws and guidelines that support e-waste management schemes in South-
eastern Nigeria were identified to be anchored on four strategic aspects and there-
fore considered for this study. These included establishment of state-of-the-art
technologies and essential working equipment, capable and sufficient manpower,
funding of WEEE schemes, as well as impediment in implementation of e-waste
regulations. From Table 11, 18(51.43%) of the monitory and regulatory agencies

S/N Question Responses

(Monitoring
Agencies = 35)

Cheap
EEE

Availability
of EEE

Inferior
EEE

Superior
EEE

Others

1 What are the economic
drives that help to

determine the disposal
of used electrical/
electronic device?

16
(45.71%)

25(71.43%) 13(37.14%) 5(14.39%)

(End-
users + Dealers = 177)

Cost Durability Income Accessibility Others

2 What give rises to the
attractiveness of used
(Tokunbo) electrical

electronic equipment in
South Eastern Nigeria?

141
(79.66%)

96(54.24%) 77(43.50%) 82(46.33%) Quality(2),
superiority,

cheap

(End-
users + Dealers = 177)

Cost of
disposal

Lack of
storage
space

Money
exchanged
for WEEE

Obsolesce Others

3 What are the possible
economic drivers for
final disposal of WEEE

43
(24.29%)

38(21.47%) 46(25.99%) 42(23.73%) Availability of
recycling

facilities, cost
of recycling (2)

Total number (N) of respondents = 201.
Source: Field Survey, 2015.

Table 10.
Socio-economic drivers on trends in generation, collection and disposal of WEEE.

S/N Question: Are there any particular difficulties in the
implementation process of e-waste management

strategies?

Strongly
Agreed

Agreed Disagreed Strongly
Disagreed

1 Lack of technologies /necessary
equipment

18(51.43%) 6(17.14%) 4(11.43%) 1(02.86%)

2 Lack of adequate manpower (Personnel) 7(20.00%) 12(34.29%) 9(25.71%) 1(02.86%)

3 Inadequate finances 14(40.00%) 8(22.86%) 6(17.14%) 1(02.86%)

4 Nature of guideline options formulated
by the political system

10(28.57%) 11(31.43%) 5(14.29%) 3(08.57%)

Total number (N) of respondents = 35.
Source: Field Survey, 2015.

Table 11.
Factors influencing technical planning and design for WEEE management systems.
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were able to show that the absence of frontier technologies, essential and new
equipment has hindered the operations and enthusiasm of e-waste managers. Fur-
thermore, inadequate funding of e-waste schemes—14(40.00%) was acknowledged
as a major factor influencing the ineffectiveness in the process of e-waste collection
and disposal, as well as the choice adopted for final disposal measures. Collectively,
21(60.00%) policy regulators agreed that the type of guideline framed and
approved by the political system sometimes militates against the effective execution
of management plans for e-waste.

5. Conclusion and policy recommendations

To recapitulate, this paper discussed the transboundary movements of e-waste,
the sustainability benchmarks for evaluating and adopting technologies, innovative
recycling technologies, and market potential for e-waste recycling in Nigeria. With
the aim of assessing the socioeconomic factors swaying e-waste generation and
disposal, data collected were analyzed and discussed. The survey revealed that the
structure for developing sustainable strategies frameworks and establishing resilient
infrastructure for the effective management of e-waste are clearly lacking. End-
users of e-waste are in the habit of stockpiling and indiscriminately disposal of e-
waste. Also, it was revealed that e-waste was not segregated from household waste
before final disposing. Formal recycling of e-waste is yet to be domesticated in
Southeastern Nigeria. The socioeconomic reasons for the rising volume of WEEE in
the study area include its cheap pricing, quality and durability, economic status of
the consumer, and easy access to disused e-waste. Some of the acknowledged
factors hindering the sustainable disposal of e-waste includes unavailability of
innovative technologies, high cost of setting up of recycling facilities, inadequate
space for stockpiling, and total obsolesce of disused EEE.

A sustainable e-waste recycling scheme would not be economically worthwhile
without suitable policies in place, adoption of frontier technologies and financial
measures attached. First, the management strategies for WEEE should be focused
on evolving tenets of operations, and frontiers in e-waste recycling that deploys
innovative and sustainable technologies. This could be achieved by adopting sus-
tainability benchmarks for evaluating and adopting new strategies and technologies
for e-waste recycling; awareness creation in the value-chain for stakeholders; as
well as exploring the market potentials for e-waste recycling. These would in turn
improve social and economic benefits, including decent job creations. Lastly, this
can be realized through promoting appropriate policies and deliberate producer-led
(and government support) initiative for recycling of e-waste.
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