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Preface

[Mgitalization has plaved an essential role in social and technological development
globally, while electronic and electrical equipment has become integral to our every-
day lives. Digital devices provide broad access to education, instant information,
continuwous entertainment and contribute to mass communication, thus improving
the overall quality of our lives. During the COVID-19 pandemic, the internet allowed
us to function and remain a productive society worldwide,

Meamwhile, the life cxpectancy of most electronic devices, specifically small
devices such as cellphones, tablets, and laptops, is petting shorter and shorter,
resulting in alarming amounts of ewaste peneation, Many discarded electmnics
are being improperly disposed of, hence posing a significant risk to the environment
and human health, With an estimated annual growth of 3-4%, electronic wasie
is the fstest prowing waste stream worldwide, exceedinog 50 M1 annually in 2019,
while only 20% of the e-waste is collected and recvcled globally. The elecironic
devices have been reported to contain gold and copper grades, significantly exceed-
ing the grades of many operating mines, The existence of precious metals in e-wasie
provides an economic incentive for recycling. On the other hand, the presence of
hazardous substances in e-waste calls for complex reprocessing to decontaminate
hefore its final disposal.

The development of efficient e-waste recycling methods and the recovery of
precious metals and critical materials from e-waste are interesting and technically
challenging. Furthermaore, the informal urban mining of e-waste creates signiticant
social and public health issues. Therefore, there was 8 need for a comprehensive
overview of the current situation with e-waste generation, disposal, regulations,
recyeling technologies while providing a global perspective,

This book aims to overview the current plobal stuation regarding e-waste,
including technological isues with e-waste recyeling and recovery of value from
eewaste streams. The chaplers in this book outline the definition of elecironis
waste, explore methods for e-waste estimation, identify challenges related to the
timely information on e-waste collection and management, and elaborate on the
practices in developed and developing countries. The book delivers information on
currently used recycling technologies, including physical separation technologies,
pyrometallurgy, hydrometallurgy, and biohydrometallurgy, and reviews materials
used in the manufacturing of electronics as well as the development of new
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Preface

materials for green-ccological and biodegradable electronics. Additionally, methods
and ideas for new practices to tacilitate sustainability in the electronics industry are
proposed to “close the loop™ in industrial production to minimize waste generation
and possibly to promote a zero-waste scenario. The book concludes with o chapter
on the circular economy in electronics and provides some perspective on the future
of electronic waste.

This book was made possible through collaboration between international experts
in the hicld of e-waste recycling. It collates academic and industrial expertise to
provide a comprehensive overview of the scope of the problem with clectronics
worldwide, specifically on their fate as c-waste and the recycling eftorts to shed
light on the current e-waste paadigm.

Wancouver, Tuly 2021 Maria E. Holuszlo
Amit Kamar
Denige O B Expinosa
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Introduction, Vision, and Opportunities
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1.1 Background

The concept of sustainability defined by The United Mations Organization in 1987,
which is valid even today, is based on the idea of "meeting the needs of the present
without compromising the ability of future generations to meet their own needs”
(Mations 200%9). Such a concept was complemented in The Johanneshurg Declara-
tion on Sustainable Development in which the three pillars of sustainability were
defined: economic, environmental, and social development (Comission 2002).
Notwithstanding, the world currently faces a transition between the third and the
fourth industrial revolutions, which began about tive decades apo and has trans-
formed our way of living. Also known as the Information Revolution, this pericd
has been marked by switt advances in computer technologies, massive populariza-
tion of high-technology devices, and the grovarth of artificial intellipence {Carvalho
ctal. 2018; Rai and Lal 2000]). The technological revolution brought up the creation
of lithium-ion batteries, touchscreen devices, supercomputers, photovoltaic pancls,
and manocomposites, and practically revedutionized the way the society interacts,
the way energy is stored, and the advanced matecials field for all industrial seciors.
Electrival and electronic equipment is omne of the major consumers of metals such
as copper, gold, silver, and iron, Namias (200 3) sugpested that electronic devices can
contain up o 60 different elements that could be valuable or hozardous, Matural
Resources Canada (2019) showed that globally 18% of aluminum, 31% of copper,
9.5% of gold, 9% of platinum group metals, and 24% of are-earth elements were
used in electrical and electronic equipment manufacturing in 2017, In the United
States of Amerca, 9% of twotal aluminum, 21% of beryllium, 19% of copper, 40%

Elevironic Waste: Bropeling ard Beprovessiag Jor o Sustoinebie Future, Fist Edilion.
Edited by Mara E Holuszkno, Amit Eumar, and Denise C. B. Espinosa.
2022 WILEY-VCH GmibH. Published 2022 by WILEY-VCH GmbH.
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of gold, and 26% of silver were used in the electrical and clectronic equipment
manufacturing industry in 201% (U5, Geological Survey 2019). BullionStreet
(2012} shoeved that approcimately 290 tonnes of pold and G800 tonnes of silver
are consumed by the electronic industry cvery year. In the current scenario, the
new manufeciuring industry became dependent on less-known raw materials and
increased the extraction of common metals from ores simultancously. Indium, tfor
cxample, despite being dizcovered in 1863, was found to be industrially applicable
only in 1934, The use of indium in thin-film coatings, mainly as indium-tin-oxide
compound (ITO) in liguid crystal display screens, increased its world consumption
over 1000% since 1993 ( Alfantazi and Moskalyk 3003 ).

Rare-carth clements {REEs) are also widely used in digital technologies such as
disc drivers and communication systems but also in batteries and fuel cells for hydro-
gen storage, catalysts, liht-emitting dicdes (LED=), and fluorescent lighting. Backin
1950, the applications of REE in magneis of eleciric and electronic eguipment were
already knowm. Meverthebess, until 2000 their recycling rate was lower than 1% due
to their relatively low prices (Gunn 2003). Betacen 20010 and 2015, the demand tor
REE surpassed its supply and continuously increased. As the production is almost
todally held by few countries, the recycling of REE has become a paramount conoern
(Edahbi et al. 2019).

1.2 E-Waste

With the development of new technologies, especially in laptops, cellphones, and
tablets, older technologies are getting obsolete, reducing the lifespan of electrical
and electronics products and thus contributing to o higher rate of waste generation.
Asaresult, close to 1 billion devices will be discarded within 4-5 years. The discarded
clectric and electronic equipment or their parts are considered c-waste, The Euro-
pean Commission Drirective 2008/98/EC {2008} and the European Union Dircctive
2012/ 19/EU (2012} described e-waste as:

any ebectrical or electronic equipment which is waste (substance or object
which the holdder discards or intends or is required to discand), including all
components, sub-assemblies, and consumables which are pact of the product
at the time of discarding,

Based on the definition of e-waste, the electrical or electronic equipment (EEE)
itself was divided info six (6]} classes in the Directive 20219 EU (The European
Union 2002} These categories with the items (not lmited 1) in the categories are
listed as,

1) Temperature-exchange egquipment: refrigerators, freezers, air conditioning
eguipment and, heat pumps

2) Screens. monitors, and equipment containing screens (surface > 100cm?):
screens, televisions, LOD photo frames, monitors, laptops, and notebooks
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3) Lamps: fluorescent lamps, high-intensity  discharpe lamps, including high-
pressure sodium lamps and metal halide lamps, low-pressure sodium lamps and
LED lamips

43 Large equipment {external dimensions = 50 cm ) washing machines, dryers, dish-
wazshers, electric stoves, musical equipment, large computer mainframes, large
printing machines, copying equipment, large coin-slot machines, large medical
devices, large automatic dispensers, and photovoltalc panels

5) Small equipment (external dimensions < 50cm): vacuum cleaners, appliances
for sewing, luminaires, microwaves, irons, toasters, electric kettles, clocks and
witches, electric shavers, scales, radio, video cameras, electrical and electronic
boys, sports equipment, smoke detectors, heating regulators, thermostats, small
electrical and electronic tools, small medical devices, and small auiomatic
dispensers

a1 Small IT and felecommunication eguipment (external dimension < 30cm
mobile phones, GPS, pocket calculators, routers, personal computers, printers,
and telephones

This electronic waste (discarded electronics) hos been a growing concern arounsd
the world. The total eswaste generated amund the globe in 2009 was 53,6 million
tonmes and s expected o reach 74 million tonnes in 2030 The waste generated per
capita increased from 6.1 kg per inhabitant in 2006 to 7.3 kg per inhabitant in 2019
( Forti ef al. 2020). Wahlen {20149) reported that under the business-as-usual case, the
total e-waste generation would increase to 120 million tonnes by 2050. The growith
rute of e-waste generation has been reported to be 3-5% by Cucchiclla et al. (2015},
3-4% by Baldé et al (2017} and Aaron (2019]), and as high as 8% by LeBlanc (2013).
According o Transparency Market Research report (2017), the global e-waste mar-
ket i anticipated o increpse af o compound annual growth mate of 5.6% by volume
from 2016 to 2026,

The fate of the e-waste can be described by the simplified diagram shown
in Figure 1.1. The primary focus of any country or organization should be the
collection and recycling of e-waste. However, not all the e-waste is collected, and a
portion of the c-waste stream is disposed of in landfills, The collected materials are
sent for recycling, and the high-value componenis such as metals and high-value
plastics are fed back to the manufacturing stream, whereas low-value materals are
dizposed of in landfills,

The primary focus of any country of organization should be the collection and
recycling of e-waste, However, not all the e-waste |5 collected, and a portion of the
e-waste stream is disposed of in landfills. The collected materials are sent for recy-
cling, and the high-value components such as metals and high-value plastics are fed
back to the manufacturing stream, whereas low-value materials are disposed of in
landfills. The c-waste collection volume must be increased to boost the circular econ-
oy im any part of the world, and the waste stream after the recvcling process has to
b studied simultanesusly for its potentiol recovery and vsage so that the fractions
1 be disposed of are minimized.

E-waste recycling decreases the amount of extracted raw materials from ores and
solid waste inadequate disposal. The recycling routes must also be technically and

5
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Figure 1.2 Estimated value of materials present in e-waste,

ceonomically feasible. Given the added value of precious metals and critical metals
found in the majority of e-waste, such requircments are not difficult to be fulfilled.
Baldé et al. {2017) estimated the amount of various elements and materials present
in e-waste. 1t showed that the total contained,potential value of selected metal and
materials present in e-waste was US% 57 billion in 2009 (Forti et al. 20200, Figure 1.2
shows a breakdown of the various metals and materials present in e-waste with
their total amount and estimated values. It should be noted that the estimated value
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depicted in Figure 1.2 represents an ideal-case scenario of 1O collection and metal
recovery and without accounting for costs associated with collection and recycling.
It indicates the economic opportunity for e-waste recycling.

It should also be taken into consideration that the concentratbon of metals in the
eewaste s significantly higher than that of o conventional mining operation, The
global ore prade has been decreasing, and the increased global metal demand has
foreed mining operations o increase the plant throughput and excavate more come-
plex and fine-grained ore deposits (Lébre and Corder 3015 )

Table 1.1 shows the concentration of various metals in different bypes of e-wastc
and an average ore body. Calvo et al. (2016) summarized that the global average cop-
per grade for run-of-mine ore is ~0.62% and will decline in the coming years due to
the exhavstion of high-grade mines. AME Research (20138) showed that the average
copper grade has decreased from (0L74% in 2005 (o 0L39% in 2017, with a compound
annual decline rate of LEE, The global average gold grade of all the deposits was
101 gt in 20013 {Desjardins 2014), The highest gold grade for the underground oper-
ation was 21.5 ppm in Fosterville, Australia, whereas for open pit was 7.60 ppm in
Way Linggo, Indonesia ( Basov 2008). The average output of top-six silver mines was
760z (215 g) per tonne in 2012 and has dropped to 4-5 0z per ton in 2007 (McLeod
2014; Money Metals Exchange 2018). The palladium grade reported in Table 1.1 is
based on the average palladium grade of the Lac des [les Mine Property in Northern
Omtario. [0 indicates that the average metal grade present in e-waste is significantly
higher than comventional mines and thus provides the opportunity for the extrac-
tiom/urban mining,

Tabde 1.1 Average metal content in varbaus waste EEE and typical one,

Copper  Aluminum o Gald Silver Palladium
% % % Ppm = Ppm
Air conditioner 6-19 7-9 44 15 58 -
Deskiop 7-20 -4 1547 46-240 2057-570 1%-25
Laptap I-19 1-2 0 12-630 180-1 100 19
Muobile phane 10-33 3 5 I-1500  ANO-3E00  3-1700
Printed circuit baard — 12-19 2-8 =11 29-1120 100-5200  33-220
Kefrigerator 317 1-2 4850 44 42 -
Tebevisian =21 =15 1343 530 1260 f{H) (1=
Washing machine 37 -3 52-53 17 51 -
e-\Wasie (ivverage) 12=35 1.5-% =11 30=350 1= 140 Ah=HH)
Typécal ore 0.5-3 20-24 M50 D5-10 5-10 1-10

Sources: Based on Biemo et al. (20047 Calvo et al. (2006), Desjardins (2014], [pkdar (2004), Bizzo

et al, (2004}, Calve et al, {2006}, Desjardins (20141, Fornaksyk o al (20131 Inlkdar (2006), Khalig
elal (3004}, Liu (2004 ), MeLeod {2014), Mamias (30131, Morth Arserican Palladium Ll (200E),

Shah et al. (2014], Tickner et al. (2006}, Zeng et al_ (20160
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Figure 1.3  Awerage gercent weight of some camman metals feund in PCB, phatoveltaic
maodules, and HI magnets (Caldas et al 2015; Dias et al, 2016, 2018; Kasper et al. 2011;
Minchan et al. 2018, Minchen and Veir 2017, Petter et al. 2014; Rozas ef al. 2017 ; Santana
et al. 2013 Silvas et al. 2015; Stuhlpfarrer et al. 2005, Yamane et al, 2011), Sowces: Based
on Caldas et al. (2015), Dias et al [2016), and Kasper et al. (2011}

As depicted in Figure 1.3, photovoltaic modules present a high percent weight of a
single element (aluminum), while printed circuit boards are composed of a mixturne
of different metals, mainly copper, iron, aluminum, tin, zine, and nickel. 1t is esti-
mated that printed circuit boards (PCHs) may contain an average of 15 elements from
the perindic table (Caldas et al. 2015, Kasper et al. 2011; Petter et al. 2014; Rozas
et al. 2017; Sant'ana et al, 2013; Silvas er al. 2015 Yamane et al. 2011). Remarkably,
hard disk magnets, although they may contain high amounts of iron, also present
exciting amounts of rare-earth elements, mainly neodymium, praseodymium, and
dysprosium (Milnchen and Veit 2017).

Metals that are present in smaller amounts may also be economically advanta-
geous 1o be recovered. Gold and sibver in cell phones, for example, represent about
0.06% and 0.045% in weight, respectively (Caldas et al. 2015 Sant'ana et al. 2013).
Considering the number of cell phones worldwide (Krevenhagen 2018}, it can be
estimated that almost 300-ton gold is present only in cellphone devices.

The added value of such metals supports their recyeling even ifthey are present in
low percent weight. Photovoltaic modules, for example, although present less than
1% of silver in their composition (Figure 1.3), may be economically feasible to be
recycled, as shown in Figure 1.4,

From Figure 1.4, it becomes evident that the establishment of feasible recycling
routes may be advantageous for reclaiming metals in either high or low amounis.
This is undoubtedly challenging, as e-waste from distinet origins would present
different compositions and structures. [n a microscopic vision, metals and other
elements may be bonded with each other in many possibilities, which may reguire
different techniques to achieve their extraction and recovery. Thus, recycling
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(] Swarage weighi compasition of {b} Metal prices® par kilegram of
pholowvaliaic modules (according to Figure 1) photovolise modules
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Figure 1.4 |{a) Coampasition af photovaltaic modules illustrated a5 kilegrams of each metal
per kilogram af photavaltaic module, (B Valws of each metal per kilogram of photovoltaic
madules.

routes must be versatile, Electric and electronic equipment are constantly being
improved, and their chemical composition may change both the required process
and the obtained matecials, Lithivme-ion batteres (LIBz) are o good example of
continuous improvement, Cathodes from LIBs are tyvpically composed of lithium,
cobalt, manganess, and nickel oxides (Blomgren 2007; Zhao et al, 2019} Because
cobalt is considersd a critical metal, novel cathode materals are being developed,
such as sulfur-based cathodes, which eliminate the need for cobalt (Li ef al, 2008},
High-efficiency anodes are also being developed o increase the performance of
LIBs, such as titanium-niobium based anodes for automsdive applications (Tokami
et al. 2018), Considering the spesd of technological evolution, in o few decades from
now, the composition of obsolete lithium-ion batteries may present o substantial
chamge,

Recycling processing roules are typically hydrometallucgical, pyrometallurgical,
or hydro-pyrometallurgical. Each of them presents both advantages and disadvan-
tages, and all of them may produce toxic tallings, which must be considered. The
pymometallurgical recyeling roules consist of several processes that, among others,
include smelting, combustion, pymolysis, molien sali processing, and pyro-chemical
technigques, As for drawbacks 1o the pyrolysis process, there is usually the release of
toxic gases and halogen formation arising from fire retardants and plastic mixoures
that compose the waste electrical or electronic equipment (WEEE) scrap. For the
efficient recovery of metals, some modern methods, such as vacuum pyrolysiz, the
molten salt process, and pyro-chemisiry, appear to be promising candidates because
of their innovative solutions for environmental issues and recovery efficiency. Nev-
ertheless, they still need more scientific and technical contributions coupled with
industrial validation (Zhang et al. 2015).

Hydrometallurgical processing invelves a sequence of methods for producing
metals and metal compounds from agueows media. In general, the process is
composed of leaching techniques, followed by purification and recovery of metals,
resulting in the desired product. Such a product may be either metals or alloys

tl
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and compounds containing the metals of interest, such as oxides (Gupta 2003}
Precipitation, hydrolysis, clectrochemistry, conversion, complexation, solvation,
and ionic dissocigtion are often used in different processing steps. However, such
routes often reguire the wse of aggressive and concentrated reactants for leaching
steps. The treatment of the pencrated waste belongs to the development of a
hydrometallurgical route. In addition, some processes still present low efficiency. To
solve such issues, the scientific commumnity is currently focusing on the development
of less-toxic processing roules, using, for example, ionic liquids, supercritical Quids,
and organic acids, aiming at achieving oplimum extraction rale using preener
chemicals,

Mevertheles, another important matter is the efficient cllection of the disposed of
WEEE to et o recyeling industries, The incitement of reversal logistics and circular
eoonomy concepts must be improved and optimized tw achieve satisfoctory rates of
recycled WEEE, In this sense, the establishment of strict legislation and efficient
management are as well important, In developing countries, for example, WEEE
recycling is still inciplent, there is little legislation, and incentives are low, Even in
developed countries, there is stll much o be improved.

These legislations and programs are essential to increase awareness and boost
the collection rate. The e-waste management programs also provide collection tar-
gets, summarize, and report the collection volumes, which helps to understand the
performance and provide better planning tools for the future. An efficient e-waste
management program could increase the collection rates, provide a better estima-
tion of e-waste collection, and would also provide a better understanding of the steps
required toimprove e-waste collection and recycling and thus promote circular econ-
omy. Al the same time, a higher collection rate in tandem with an efficient recycling
gystem that not only recovers metals but also provides a solution for the nonmetals
wiould be necessary to increase the e-waste circularity.

Therefore, it becomes evident that e-waste recycling is an interdisciplinary and
multidisciplinary theme, as depicted in Figure 1.5, Technical, economic, legisla-
tive, social, and environmental aspects are involved throughout the life cycle of
all-electric and clectronic eguipment. including recycling atber their disposal. This
book seeks to provide an overview of all aspects of a sustainable future.

1.3 Outline

To fully understand the e-waste, this book presents various sections to describe dif-

ferent aspects of e-waste, e-waste management systems and [nvolved technologies,
and other related disciplines,

Chapter 2 presents an overview of e-waste management practices adopted
in developed and developing countries. The differences in the availability of
regulations in a country directly impact the fate of e-waste in that country.

In Chapter 3, the regulations related to the transboundary movement of e-waste
around the world are discussed. The import and export of e-waste is another major
challenge in the e-waste management system.
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Figure 1.5 Multidisciplinary aspects of e-waste recycling.

Varlous models and methods wsed for the quantification of iodal e-waste globally
are presented in Chapler 4, The success of an ewaste recveling or disposal Facility
depends on the annual throughput to plant.

Chapter 5 emphasizes the materials wsed in the manufacturing of electronic
devices., The determination of type and guantity of the materials used in the
manufacturing process define the technologies adapted for recycling.

A detailed view of recycling technologies used in e-waste processing is presented
im Chapters 6-10,

Chapter 11 presents insights into the life cvcle analysis of obsolete electric and
clectronic eguipment. The life oycle analysis is an essential tood tor quantifying the
covironmental impact of e-waste.

Finally, the future of electronic devices and e-waste is discussed in Chapters 12
and 13, focusing on innovative aspects of manufacturing electronic devices, green
chemistry, and circular economy.
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2.1 Introduction

Waste electrical and electronic equipment (WEEE or e-waste) is classified as a
slicd waste within the hazardous waste calegory (Goel 20170, E-waste consists in
end-of-ife electronic and electrical equipment, it comprehends = but is not limited
for = oblete, broken, or wsed computers, televisions, stereos, phidocopiers, priniers,
faxes, monitors, and mobdile phones (Westcott 20120, It also comprehends the less
notable equipment such as radios, washing machines, microwave ovens, hair doyers,
and photovoliaic panels (EU Directive 2012; Eobinson 20090, Moreover, the WEEE
definition also includes the components, subset of parts, peripheral sccessories and
materials used in the manufaciuring of these equipment (EL Directive 2012,

The generation of e-waste appears (o be higher in developed countries than that
im developing economies (Goel 2007}, but the WEEE generation has been increasing
im both realities (Schluep et al. ZE). Furthermore, a positive correlation between
gross domestic product (GIF) and e-waste generated in a given country was con-
firmed in a recent research, Inferestingly, no correlation was found between e-wasie
generation and population (Kwmar et al. 2007}

The current e-waste generation pattern poses one of the world's greatest pollution
problems. On top of the growing generation pattern, e-waste is a particularly imipor-
tant waste stream because of its potential to be pollutants that pose a risk o the
environment and to sustainable economic growth; and the potential to be resources,
given the significant concentration of precious metals and high-demand materials
it contains (Babu et al. 2007, Goosey 2012; Sugimura and Murakami 2016}

* Becerved 20 December 2005, Revised 01 December 20050,

Elevironic Waste: Bropeling ard Beprovessiag Jor o Sustoinebie Future, Fist Edilion.
Edited by Mara E Holuszkno, Amit Eumar, and Denise C. B. Espinosa.
2022 WILEY-VCH GmibH. Published 2022 by WILEY-VCH GmbH.
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2.2 Overview on WEEE Management and Practices

WEEE management is a global challenge especially given many countries have no
structured system of reverse logistics, and most WEEE is still disposed of in landfills
or open places exposed to the inclement weather (Veit and Bernardes 2015} Tools
such as the life cycle analysis (LCA), material flow analysis (MFA), and tailored
policies such as extended producer responsibility (EPR) created 1o assist in waste
management are also being applied to the WEEE challenge. These, however, are gen-
erally seen in operation only in developed countries (Kiddee et al. 201 3). Developed
countries tend o have laws and regulation to process WEEE safely, The compli-
ance with these regulations is difficult to assure, given sound processing frequently
Funs against economic interests (Sthiannopkas and Wong 2013). These take-back
systems and end-of-life processing legislation for the electronics industry wers orig-
inally proposed because of environmental motives (Stevels 20075 A schematic of the
management of e-waste from consumption to disposal is illustrated in Figure 2,1,

A different management approach for the global WEEE challengs was proposed
recently and named best-of-two-worlds philosophy (Bo2W), It seeks o achieve the
moed sustainable solution for developing countries under the current international
panorama. In summary, the philosophy claims developing countries should take
advantage of the low labor cost to employ manuwal dismantling o liberate c-waste
componenis. These separated and sorted components would then be cxported
(=2ld) to developed economies, where technology and infra-structure are available
for sound doamnstream processing. This theorctically ensures labor and revenue
for developing nations while ensuring state-of-the-art and environmentally safe
end-processing (Goel 2007, Wang et al. 2012).

)

Figure 2.1 WEEE management Mowchar. Soaurce: Caiado et al. (2017}
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Published research alzy describes measures o achieve beller waste management
practices. An important component identified is community awarenecss. Public
srreness, cutreach campaigns, and educational measures that showr the negative
impacts of incormect c-waste disposal and their cffective disposal value are partic-
ularly important. These campaigns should inform the roles and responsibilities of
the agents involved in the e-waste management, including their rights as citizens to
access waste management services (Rao et al. 2017; Schumacher and Aghemabiese
29} To discourage the international e-waste transfer and enhance proper device
collection, country studies on the size and destination of the complementary
streams should be performed and used to create specific collection targets per
WEEE category o specific countries (Huisman 2012},

The world iz still searching for an ideal WEEE management model, even if
that model is only fitted for & specific country or region. Currently, different
country/states have different kinds of regulations and take-back systems. Europe is
perhaps the best example to illostrate this great variety, as Great Britain alone holds
44 distinct take-back systems (Figure 2.2,

Regulations can allow or prohibit take-back systems to coexist and/or @0 com-
pete. In some couniries, the collection and recycling operational cosis are distributed
to the take-back systems according to the producers they represent. The verdict of
whether a svatem run by a monopoly or a system run by companies in competition is
more effective, however, is unclear at present. Moreover, the competent authorities
hiold the essential role of repulating the WEEE management sysiems o allow them
o compets ina fair manoer (Toffolet 2006),

Wurnber of WEEE
gyslems
1-2
34
B 510
W =10
& W -0

Figure 2.2 Distinct WEEE take-back systess in Europe. Source: Talfalet [2018).
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2.3 International WEEE Management
and Transboundary Movement

The WEEE rising waste volumes and peculiar characteristics aforementioned

created a global export wrend, where developed nations sent urwanted WEEE o
developing nations, This has been reported in sclentific papers o have started
from the beginning of the twenty-first century due to large volumes of obsolete
electrical and electronic equipment {EEE) in developed countries, and justified
as an attemnpt to bridge the “digital divide” between developed and developing
ceonomics (MNnorom and Osibanjo 2008; Yang 20019). Herat and Agamuthu (3012)
cited that large volumes were being sent to developing countries for reuse, refur-
bishmient, recyeling, and recovery of precious metalzs, and that some of the main
countries receiving e-waste are India, Ching, Philippines, Hong Kong, Indonesia,
srl Lanka, Pakistan, Bangladesh, Malaysia, Viemam, and Migeria, In Migeria, for
instance, it was found that in the period between 2000 and 2000, the majority of
its EEE/WEEE was coming from the USA, the UK, Germany, and China (for TVs,
cathode ray tubes [CRTs|, and personal computers |PCs|), and the imports have
increased considerably from 2003 {Babayemi et al. 2015 The total transboundary
shipment of hazardous wastes has increased since 2000 for most Organization tor
Economic Co-opemtion and Development (OECD ) members and teo-thirds of the
EU countries, regardless of their trading positions {Yang 201%),

Most developing countries do not have a program for the stomge, separation,
collection, transport, of disposal of waste, nor adequate legislation andfor moni-
toring over the waste rreatment procedures and the risks associated with incorrect
disposal/treatment; this is especially true for e-waste {Nnorom and Osibanjo 2008,
Sindiku et al. 2015). Several studies address the consequences of poor end-of-life
treatment that happens in developing countries, the main ones involve severe
crivironmental damage and negative impacts on human health (Egeonu and Herat
2016; Li et al. 3019; Schiuep 2004; Zhang ot al. 2018). These issues should be tackled
by imcreasing the responsibility of the manufacturers (the EPR) and through the
technology exchange betwesn countries that export and import eowaste (Li ef al.
2013), Mevertheless, the current global panorama remains the same as in previous
decades, with large WEEE wvolumes being transporied (legally or illegally) o
developing economies {Figure 2.3} {Awasthi and Li 201 7).

An important paradigm shift, however, was observed in Brazil, Mexico, South
Africa, Migeria, Indonesia, and Australia: the expont of high-end components to
countries with established downstream recycling indusiry. This involves a domestic
industry setup capable of executing first stage recycling (i.e. separation of com-
poneni=) and organizing the logistics associated with collection and international
shipping, which is achieved either by Iocal companies that work as “material
concentrators” amd then sell these highsvalue components abroad or by large
foreign downstream recveling enterprises that install sister companies abroad 1o act
as collecior, concentrator, and exporter of high-value componenis. In developing
countries, the establishment of this industry is natural because of the relative
low cost of labor, whereas in Australia it ocours due o the regulations in place.
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Figure 2.3 Known saurces, destinations, and suspected destinations of WEEE
transbondary movermant worldwide, Source: Kemar et al. (2017)

This shift creates a controversial siivation in which destination countries (such
as Brazil, Migeria, and Mexico) receive urwanted e-waste components with little
value while exporting the e-waste components with high value (printed circuit
boards {PCBs), hard drives, processors) {Dias et al. 2009; Diasg et al. 2018b; Dias
et al. 2008c; Iwenwanne 3149; Lydall et al. 2017; Snyman et al. 3017, Moreaver, this
export pattern contributes to maintain the downstream recycling industry of these
destination countries stagnant { Dias et al. 2018a). Becent research even suggests the
growing re-export of e-waste from the developing world back to advanced countries
creates an offset by which countries imponting high-guality used electronics send
back an egual volume of e-waste. The {documented) transactions tend to occur
between irade partners where the importer has a lower GDP per capita than
the exporter. The same authors claim that while there is a movement of e-waste
from developed to developing couniries, there is alen a substantial e-waste trade
between developing couniries. (Larmer 2015, Lepawsky 2015, Lepawsky and
Menablb 20000

2.4 WEEE Management and Practices - Developed
and Developing Countries

Solid waste management generally involves (i) identifving and categorizing the
source and nature of waste, (i) separation, storage, and collection, (iii) waste trans-
port, {iv) processing, and {v) ultimate waste disposal. This linear economy approach
hag been widely applied and is still 2 management model in many countries
(Rao et al. 2017, Furthermore, solid waste management aims to minimize waste,
maximize recycling and reuse, and ensure safe and environmentally sound disposal
of waste. These objectives should be achieved in a sustainable manner employing
and developing the capacity of the community, private enterprizes, workers,
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and government {Rao et al. 2017} The ultimate goal of any waste management
system is o increase the resource efficiency and reach the circular economy target
[(Moamkoarski and Mrdwezyhiska 2008). Currently, this can be achieved by using
resources more efficiently in the provision of an activity or product, using less
resource-related services, reusing product and services, recycling the resources and
materials in products (Worrell and Reuter 2014). The material recovery present
in WEEE may be achicved by reusing its components, by mecycling of the whole
cguipment (or a fraction of it), or by tmensforming waste into energy (energy
recovery) {Mnorom and Osibanjo 2008). A sustainable management of WEEE
has a =igniticant role on the circular economy approach {DAdamo et al. 2019;
Mowakowski and Mrénrczynska X018,

The cost of wasic management activitics is mainly associated with the cost of trans-
port, facilities, operation (energy/fuel and labor), and real estate (Baoef al, 2007}, For
eewiste, specific fotors have been claimed o influence the economic feasibility and
environmental consequences of eawaste recveling (Hula et al, 2003; Moorom and
Osibanje 2008k Product strecture, materials, location of recycling faclities, appli-
cable regulations, geopraphy, and cultural context, All thess factors combined will
determine the feasibility of recyeling certain products or goods, Another study uses
four key aspects o evaluate the recyeling potentiol and determine which element
should be prioritized in the recveling of WEEE: the quantity of material in specific
wiaste (e.g, gold in PCs), the toxicity of the given material, its market value and tech-
nology developed for recvcling (Zeng et al, 2007} Thus, there is no single solution
when deciding if and how to recycle WEEE because all these factors will vary on a
case-to-case bazis (Sinha-Khetriwal et al, 2005), While the waste management tends
i be country-specific, thers are general trends that outline developed countries o
the detriment of developing countries.

As opposed 1o developing nations. developed nations wsually have centralized
waste reatment systems, which result in significant differences in relation to the
former. The segregation of waste, for instance, 5 a woluntary exercise in most
developed countries, but represents a source of income in developing nations, and
allows the formation of a large informal network of people dedicated to waste
collection {door-to-door) and meticulous waste segregation (Croel 2017, Hoormweg
and Bhada-Tata 2012), Because of this network, countries of less-lncome have
financial incentives and door-to-door collection, which create a comvenlent scenarlo
toward material recycling. The waste sorting may occur prior to disposal (case of
developed nations), prior o collection, during the collection or at the disposal site
(Hoormweg and Bhada-Tata 2002}, Schluep (2004) cites that “collection, manual
dismantling, open burning to recover mefals, and open dumping of residual
fractions are normal practice in most developing and in transition countries.” This
also creates two different realities, a contrasting example is that of Switzerland and
India: in the former, the consumers pay a recycling fee (for collection, ireaiment,
ete.), whereas in the latter, the collectors in many cases pay the consumers for their
obsolete appliances (Sinha-Khetriwal ef al. 2005} The line that splits developed and
developing economies, however, is not well defined when concerning e-waste. As
shoam in Sections 2.5 and 2.6, there are places like Taiwan, which are considered a
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benchmark in ewaste management while being dubbed a developing economy by
the United Nations (UN/DESA et al. 2019}, Furthermore, within a single country,
there may be disparities in the way the WEEE management is administered and in
ils efficiency, As is the case for China (whose mainland management system varies
greatly from that of Taiwan and Hong Kong, for instance), it is impossible o stale
a single WEEE management in the whole United States, since each state has its
own pedicies and systems in place (Li et al, 2013; Oogondo et al. 2011; Schumacher
and Apbemabiese 2009 It is noteworthy that thess inter-region (or inter-country)
differences can add challenges in the waste management industey due o different
regquirements and expectations placed wpon stakeholders that proctice across
state/region boarders {Hickle 2014; Schumacher and Agbemabiese 201%),

Currently, developed economies have o reasonably sustainable infrastructure o
deal with waste, while the rest of the world still have a large amount of organiz-
ing and implementing ahead of them (Goel 20017), The disposal of waste on land is
still the most common practice worldwide due to its loar cost. The main difference
between developed and developing cconomics is that in the former this generally
happens in engineered landfills, while in the latter in the form of open dumping
(Goel 2007, Hoormmweg and Bhada-Tata 2002}, The choice betaeen landhlling and
incineration, however, is not a matter of cconomic development, but rather 8 matter
of land: in countries where land is plenty, landhilling has been the matter of choice.
This is= mainly due to the cost-incineration is at least three-fold higher than landhll-
img (Goel 2001T) The section hereafter will brictly describe the manggement system
forclectronic waste management in a fow selected developed and developing nations
to illusirate the discrepancies among them and allow further discussion about the
current practices.

2.5 Developed Countries

251 Switzerland

Switzerland is considered a WEEE management benchmark as it currently has one
of the world's highest collection rates: more than 7% of the average of all EEE placed
onte the market in the country during the three preceding years {Toffolet 2006).
The system is currently managed by the producers (manufaciurers and importers),
which are organized in four producer responsible organizations (FROs). The PROs
manage the daily operations, set the recycling fee, and license and audit recyclers.
The consumers pay a fee when they purchase an EEE {advanced recycling fee],
which exempis them from any fees at the time of disposal. Consumers can drop
off their WEEE at specific collection points or retailers - the latter being the main
collection network. The role of the authorities is controlling and monitoring the out-
comes of the different stakeholders in the WEEE management system. The govern-
ment oversees the process, frames the basic regulations, and licenses the recyclers
(Boman 2012). There is about one service provider (retailer or designated take-back
site} per 444 inhabitanis in the country; recyclers have o operate according to the
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recycling criteria of 150 14 000, and must have the FRO license and the povernment
authorization (Morris and Metternicht 2006).

1.5.1 Japan

While the EU countries are mechanizing their operations, Japan still relies heavily
on manual disassembly, which is one of the reasons the Japanese overall recycling
cost is superior to that of the ELL It is believed that Japan's high recycling cost {and
high recycling fee) leads to recycling outside the formal scheme and encourages
WEEE expori. That's why, in general terms, items taken back free of charge po
abroad, whereas items that are paid tor enter the domestic used market (Yoshida
and Yoshida 20020

2.5.3 Australia

Research supgests that c-owaste collection systems in Australia does not allow a fea-
sible domestic material recovery, which leads to significant material export for pro-
cesses o be undertaken abroad {Goley et al. 2006; Kumar et al. 2007} This has been
further explained by Sahajwalla et al. (2016), who claimed that “while sate resource
recovery from e-waste is technically possible, it is expensive and curmently relies
largely on access to large scale, high tech furnaces, mostly located in Europe. Many
nations, including Australia, have foar or no viable resource recovery processes for
ewpste,” Little WEEE volume is also given oz a reason for nod having recovery oper-
ations in the countey in another study (Dios et al, 20018a; Golev and Corder 2017).
Moreover, the metal downstream recveling industry Cend-processing) of the country
has been reported o be well established only for iron (steel seoap), Concerning the
nonferrous metals, there are only separation and smelting feilities for aluminum
(Corder etal, 2015), Yet ansther report, this time from an industey plaver, agress with
thie difficulties of responsibly recycling e-waste in Australia because of the high cost
of labor, the low volume of eawaste recycling undertaken, the maturity of the market
(o investment in infrastructure), and the availability of appropriate downsiream
processing (AMZRF 20050

A study from 2015 reports that most material recovery (for PCs and TV:) occurs
overseas and the role of the domestic e-waste recvclers is restricted o the collection
and basic separation (Lane et al. 2005} Corder ef al. (2005) showed that appros-
imately half the scrap metal collected in Australia s currently being transpored
overseas. Besearch shows that the current economic model used in the country con-
tributes o significant illegal exports of e-waste, given the siruggle o maintain a pos-
ithve economic balance and the constant approach of agents wanting 1o buy e-waste
for unauthorized export (Lane et al. 2015). A recent study showed that these cur-
rent conditions should lead to even greater WEEE material export unless incentives
for domestic downstream processing are implemented (Dias et al. 2018a). The main
countries to officially receive the WEEE components were China, Indonesia, and
Japan (Dias et al. 2018a), but a recent report from BAN (2018) tracked down nondis-
mantled WEEE in primitive acid-stripping operation in Thailand.
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2.6 Developing Countries

2.6.1 Brazil

The WEEE generation in Brazil is estimated to be about 1.5 million tons yearly ( Balde
ct al. 20017}, and the expected increase between 2013 and 2020 is of 200 (Isildar
ct al. 2018). Rescarch suggesis Brazil is still learning how to put reverse logistics
of WEEE into practice, particularly with the environmental licensing of generators,
transporters, and end-of-life EEE receivers (de Araujo et al. 2005). The attitudes of
Brazilians toward c-waste also seem to be still behind in comparison to developed
countries, given 18% of the population disposes of their end-of-lite cellphone along
with general waste (Moura et al. 2017). Furthermore, while the majority of Brazil-
ians seem to hold a positive intention toward recycling c-waste, only a minority
carries forward the attitude and adopt adequate recycling practices { Echegaray and
Hansstein 2017 ). Recent studies also indicate that the lifespan of EEE used in Brazil
is decreasing, in particular for cellular phones. (Moar et al. 2007

Brazil lacks an industry capable of undertaking downstream recycling processes
(end-processing ) [ Dias et al. 20018b; de Oliveira et al. 201 2). This was reinforced ina
rescarch published in 2007, inwhich the authors also claim installing such indusiry
regquires high investments (de Oliveira Meto et al. 2017). This can be observed in the
private sector of recycling companies in Latin America reported to mainly disassem-
ble computers and cellular phones with the aim of recovering the valuable materials
contained therein (Balde et al. 2007}, Furthermore, formal reverse logistics seems
to be unfeasible in the country duee to operational costs and logistical constraints
(Caindo et al. 2017). On the other hand, the couniry has built an industry around
the export of valuable WEEE components, with companies specializing in stockpil-
ing specific WEEE components and selling it overseas to developed nations, which
regquires a well-structured collection system and sufficient profit for at least three
agents within the country {Dias ot al. 2008b)

Informal end-of-life practices toward e-wasie are popular in Brazil. In the col-
lection phase, for instance, the country has a significant number of waste pickers
who scavenge waste to selectively sort the cowaste materials that can be later sold
(Ghisolfi et al. 2017; Guarnicri and Streit 2005). This resulis in a recyeling system
based on handpicked collection (cherry-picking) of exclusively high-value compo-
nents, as opposed to a sustainable collection system (Caigdo et al. 20017} Recent
rescarch suggest that the informal e-waste recycling market has increased in Brazil
(Moura et al. 2007

262 India

In India, e-waste is often viewed as a commodity of valee, which causes reluctance
when deciding whether to dispose of it or nod, and the congiderable price difference
between the new and used EEE in India and other developing countries renders
in equipment being forwarded for second-hand wse multiple times (Borthakur and
Govind 2018, Wath et al. 20107 Moreover, the main collection channel is (informal)
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door-to-door and involbves the purchase of e-waste by the so-called kawarwalas. This
system resulis in & well-established informal network driven by profit and capable of
undertaking 90% of the country’s WEEE. The recycling processes undertaken in the
informal network, however, use rudimentary techniques and, most often, e-waste
ends up in landfills mixed with municipal waste (Dwivedy et al. 2005} The difference
among countries like India va. developed countries is remarkable in the sense that
population from low-income countries prefer to sell their ohaolete equipment in the
informal sector because they expect o obtain a profit when giving away a WEEE,
whereas in countries like Japan consumers are regquired o pay o dispose of their
WEEE - a5 mentioned in the Section 2.5.2 (Borthakur and Govind 2018; Dwivedy
et al, 2005).

2.6.3 South Africa

Measuring and characterizing the e-waste management scenario in South Africa is
important because the country is viewed by other African countries as a continent
leader for developing sustainable waste management practices (Snyman et al. 200 7).
south Africa’s e-waste management industey, however, i5 still at its infancy, as is the
case for most developing countries (Ledwaba and Sosibo 2006,

The WEEE management is virtually voluntary and dependent on individuals,
organizations, and small companies. Despite this setup, there are a handful of
wiell-established companies capable of running their business by promoting the
vitlue chain of collecting and sorting ewaste o later =l it 05 a commaedity or
a5 concentrated woste components, Thess businesses collect WEEE by making
use of advertisements and word of mouth, but also benefit from the informal
sector to obfain waste (Snyman ct al. 2007) Informal collection is a common
grtivity in the country as “waste pickers” collect e-wmaste in addition to other waste
streams — it was estimated that informal collection accounts for one-fourth of the
tofal collection volume in the country (Salhofer et al. 201 7). It is also estimated that
only 20¢% of e-waste finds its way to recyclers because of the absence of adeguate
take-back centers and financing mechanisms for recyclers (Snyman et al. 2007

The recycling processes in South Africa mainly employ dismantling and sorting of

simple components, while complex componenis are shredded and sent overseas
(mainky to Asia and Evrope) for downstream processing (Lydall ecal, 2007; Snyman
et al. 201 7). A different study, however, claimed there were two companies in South
Adrica that undertook the extraction of precious metals from complex components
such as PCBs (Salhofer et al, 2007) The dismantling of WEEE is not profitable
for small businesses, which end up only undertaking it as o secondary activity
[Lydall et al. 2017). This information is in contrast to the significant increase in
the numier of companies the country has seen in recent years (Salhofer et al.
2017). While South Africa may have developed better recycling facilitics with
respect to the rest of the African continent, it is still lagging behind developed
nations in terms of legislation, enforcement, and characterization (Ledwaba and
Sosibo 2006)
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2.6.4 Migeria

Migeria has been a major importer of WEEE/EEE; however, it still severely lacks
appropriate infrastructure and facilities to sustainably recycle the vast amount of
imported e-waste | Babayemi et al. 2015). As a result, most of the imponed e-waste
from the developed couniries end up in open dumpsites in a2 number of African
countries, especially in Nigeria and Ghana (Asante et al. 2019). The importation of
WEEE increased greatly from 2003, and especially after China reduced its imypor-
tations in 2005/2006. Large volumes of waste going into Asia were then diverted
to countries like Migeria and Ghana. This has reached itz peak in 2009 and was
later counter through policies that regulated impont and stopped shipments from
entering the country (Babayemi et al. 2015). This has warranted an urgent need to
formulate appropriate strategies and policies that should be in place o tackle the
growing demand. The understanding of Migeria's current setup also needs o take
into account the (i) lack of technology {or industry) capable of undertaking advanced
recycling processes (as defined by Dias et al, 20180), which results in formal recyclers
sending dismantled components overseas for downstream processing, and (i) the
behavior of the local population, who “are not ready (o give oul their e-waste for
proper collection and recycling because they are expecting financial value for their
waste"” (Iwenwanne 2019). Assessment of quality and functionality of the e-waste to
be recycled is also trivial. Assessment approach was based on the conditions stip-
ulated in the importation guidelines developed by Mational Environmental Stan-
dards and Regulations Enforcement Agency (NESREA) in Migeria (Odeyingho et al.
29} however, a review should be conducted on the current guidelines m improve
the process and incorporate currently untapped e-waste, Furthermaore, strategies
should be developed for the country fo ensure that responsibility falls o the (former)
producers and importers of articles containing toxic/damaging materials (Sindiku
etal, T35

2.6.5 Taiwan

Taiwan sets itself apart from its developing counterparts. Taiwan is one of the main
references in c-waste management in the Asia Pacific region and has had a steady
increase in e-waste recycling in recent years { Fan et al. 2018). The Taiwan Environ-
mental Protection Administration (TEPA) is the povernmental agency responsible
for the main activities involved in the e-waste managemeni. It is also responsible for
monitoring the Hlow of waste materials {Shih 20017). These activities require a system
with high levels of monitoring and, therefore, high costs associated with it, which
has been described as one of the weaknesses of the setup.

The idea behind the 4-in-1 recycling program is that community residents (i}, pri-
vate recyclers/collectors (i), loecal government {iii), and the recycling fund (iv) all
play a role in the program. Residents must separate and deposit their e-waste in
appropriate collection points, private sector operates recycling and collection, local
governments organize and sell the appropriate waste to the private companies, and
the recycling fund (managed by TEPA] subsidizes the operation of the whole system

a5



16

£ e Waste Manogement ead Prociices in Developed and Developing Cowntries

[EPA 2012}, In summary, Tabaan has a competitive e-waste take-back system that is
state-operated (Shih 2017).

2.7  Conclusions

The global e-waste peneration increased in the past decade, as was predicted in sov-
cral scientific studies, and it should continue to increase in the following years. The
overall transboundary movement of e-waste remained stagnant a5 unwanted items
or components are still shipped in large volumes from developed i developing coun-
tries, either through legislation loopholes or illegally. A new pattern of e-waste inter-
national trade is currently ohserved: developing countries sending valuable e-waste
components to developed countries. Examples of such movement were found in
Brazil, Mexico, Indonesia, South Africa, and Migeria. Additionally, in a developed
country such as Australia, this valuable e-waste components movement was also
detected. In Brazil and Awstralin particularly, this was accompanied by the cstab-
lishment of number of private organizations whose main sctivity revolves around
organizing and exporting valuable components. This pattern, however, regquires fur-
ther research o confirm whether it is a new global e-waste exchange trend or just
isolated cases from a few countries. Other than the specific changes pointed out in
this chapter, little has changed in the global macro WEEE sfafus quo as recycling
processes, management, and market remains unchanged.
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3.1 Background

Waste electrical and electronic equipment {abbreviated o waste electrical and ebec-
tromic equipment (WEEE) or e-waste) is generally regarded as all end-of-Jife devices
that use electricity (battery or cord/circuity). 1t thus includes televisions, computers,
phones, refrigerators, washing machines, toys, kettles, ete, It encompasses almost
any household or business device in addition o medical equipment {e.g. resonance
tomography scanners) (Kuehr 201%), There is no precize figure determining the
generation of e-waste worldwide, but it is agreed that it has been rising consistently
and should continue o increase as new technologies are released and the lifespan
of equipment decreases (Balde et al. 2015, Ongondo et al. 2011). Other reasons
for the continuous e-waste increase are the affordable prices of electrical and
electronic equipment { EEE), the rapid economic growth, urbanization and growing
demand for consumer goods, which increased both the consumption of EEE and
the generation of WEEE (Babu et al. 2007, Kumar et al. 2017). The generation of
e-waste appears to be higher in developed countries than in developing economies
(Goel 2017}, but the WEEE peneration has been increasing in both realities (Schluep
ct al. 2009}, Furthermore, a positive correlation between gross domestic product
(GDP) and e-waste pencrated in & given country was confirmed in a recent research.
Interestingly, no corrclation was found bedween e-waste generation and population
(Kumar et al. 2017 ).

In the =earch for determining the scale of the c-waste problem, several studies
attempied to estimate the production of c-waste globally. In 2005, an estimation
cilculated that WEEE generation was between 20 and 25 million tons yearly,

* Becerved 20 December 2005, Revised 01 December 20050,

Elevironic Waste: Bropeling ard Beprovessiag Jor o Sustoinebie Future, Fist Edilion.
Edited by Mara E Holuszkno, Amit Eumar, and Denise C. B. Espinosa.
2022 WILEY-VCH GmibH. Published 2022 by WILEY-VCH GmbH.
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originating mainly from the USA, Europe, and Australasia (Robinson 2009 ). [n the
same year, it was estimated that the yearly generation of c-waste was somewhere
betercen 30 and 50 million tons (Schlvep ot al. 2009) - an upper limit almost twice
as high. In 2002, the yearly generated figure totaled about 46 million tons {Perkins
ct al. 2014}, Recent published studies indicate that the current c-waste peneration
in the world i= between 20 and 50 million tons and should increase betwesn 3% and
4% vearly {Abdelbasic, El-Sheltawy, and Abdo 2018; Abdelbazir, Hassan, Kamel,
and El-Masr 2018; Balde et al, 2017), Moreover, merely one-fifth of all e-waste
penerated is reported to be collected and recycled (Balde et al. 2017), Currenthy
[2019), e-waste 5 the fastest growing waste stream in the world (Abdelbasir, Hassan,
Kamel, and El-Masr 2018; Cucchiells et al, 2021}, and the estimates report it should
continue to grow, The latest figures indicate that the e-waste generation in 2019 was
536 M, worldwide, and the projection is for this value to achieve 74.7 ML by 2030
(Fortl et al. 20200, This growing waste generation underping a pressing challenge
hecause e-waste is associated with several potentially hazardous substances (e.g.
mercury, cadmium, and halogens). Moreover, its mismanagement contributes to
global warming and leads o loss of valuable and scarce materials. The laiter is quite
significant, as estimates indicate the total raw material value contained in global
c-waste equals to roughly USS 57 billion {Forti et al. 2020; Kuchr 2019).

3.2 International Legislation and Transboundary
Movement

The excuse of the "digital divide™ served for the purpose of breaching international
treaties that would, otherwise, impede such movement of hazardous eguipment.
An example of such treaty, and arguably the most important international regu-
lation around WEEE, iz the *Base]l Convention on the Control of Transboundarny
blovements of Hazardous Wastes and Their Disposal” (Basel Convention hereafier],
which was established in 198%. The Basel Convention introduced important changes
in the global waste panorama. Its goal was to restrain the illegal waste trathc and
to cnhance international cooperation toward hazardous waste management {UNEP
1989]). 1t established that the consent of all the parties involved was necessary befone
thie export, impor, and transport of hazardows waste, Therefore, its introduction has
made the transport of waste more difficult worldwide (Li et al, 2013} From 2002,
the Basel Convention, following its sixth meeting, identified ewaste as a priority
wiaste stream in the strategic plan of the vears (o come (Herat and Agamuthu 2002).
Because of the Bazel Convention, about ome-third of the countries that imported
electrical and electronic waste banned such practice (Lietal, 20030

Mevertheless, the Basel Convention impacted nelther the generation nor the flux
of WEEE. This led o the creation of national directives aiming to tackle the e-waste
challenge with direct regulations. Two of the most important were the European
WEEE Directive (Directive on WEEE) and the restriction of hazardous substances
(RoHS) Directive (Directive on the restriction of the wse of certain hazardous
substances), both implemented in 32003, and later updated in 2002 and 2011,



5.7 Wrermehional Legistation and Transhoundary Movement

respectively (European Commission 2008} The latter banned manofacture and
sale of EEE containing lead, mercury, cadmium, hexavalent chromium, polybromi-
nated biphenyls, and polybrominated diphenylethers. This, in turn, obliped other
countries that wanted to trade with the European Union (EU) to stop using these
substances in manufacturing their goods (Veit and Bernardes 3015) The current
maximum levels by weight for the substances restricted by the European RoHS
are as follows { European Parliament 2000 ) lead (0.1%), mercury ((015), cadmium
(0.00%), hexavalent chromium (0.1% ), polybrominated biphenyls (PEB) {0.1% ), and
polybrominated dipheny] ethers (PEDE) (0.1%). Exemptions may be regquested and
these are assessed by a certified competent body (Ocko-Institut 2009,

In 2015, the EU Directive 2005/863 was published (knoam as RoHS-Recast); it
announced the addition of tour substances (phthalates] to the RoHS list and lower
levels of tolerance for the restricted substances - the latest modifications came into
effect in July 2019, Begulations similar to the BEuropean BoHS were also applied in
several odher countries with the same concept and slight vadations: these include
Japan in 2, China, California (USA Y, and South Korea in 2007; Singapore in 2017,
and Turkey in 2018 (FoHS Guide 20200, Just like the recast of the EU, China imple-
mented the BEoHS 2, which come into effect in July 2006 and directly targeis EEE by
restricting the vse of hazardous substances in its manufcturng (RoHS Guide 2009},

The formerly mentioned European WEEE Directive sets targels for the rate of
collection, recovery, and recycling, which increase over time, Other requirements
include, bul are not limited to (EU Directive 2002k (i) All collected WEEE must
undergo proper treatment, which means prepacing for reuse, and recovery or recy-
cling operations; (ii) The quality standacds for the recycling of WEEE shall reflect
state of the art; (i) WEEE can only be exported for treatment oulside of the EU
if the country exporting can prove that the treatment took place in conditions that
are equivalent io the requirements of the WEEE Directive; {iv) Member states should
increase customer awareness by providing information such as the cost of end-of-life
processing (at the time of sale of an EEE), not to dispose of WEEE as unsored munic-
ipal waste, reverse logistics systems avallable o them, and the potential effects the
hazardous substances of WEEE have on human health and the environment.

Moreover, the Directive introduces a greater control over WEEE and (15 compo-
neniz, requiring equipment i be weighed when entering and leaving the rreatment
facilities (or recycling facilities), It establishes minimum treatments required prior
1o exportation of any WEEE, requires that member states must distinguish EEE from
WEEE, and alzo requires several pleces of evidences attesting the exported material
is fully functional - o avold deceptive export of WEEE as used EEE (EU Directive
2N 2L

However, these regulations, treaties, and conventions were not enough o stop the
e-waste transhoundary movement. Slowly, the countries individually began creat-
ing their own set of regulations o impede or regulate such movement (Tables 3.1
and 3.2}, but in 2013 a similar import/export pattern was still reported (Figure 3.1}
Recently, the Basel Action Mebwork {a nonprofit organization) proposed alternative
guidelines to the Basel Convention under the claim that there are loopholes in the
current regulations, which allow any export to be considered as nonwaste under the
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Table 3.1  Manexhaustive list of legislations and regulations implementad to permit of ban
impart and export of WEEE and wsed EEE in common source countries,

Legistation and/
Cauntry Yiar ar regulatian Descriptian
SouFce COUnTres
Eurnpean AR (recast in Diirective JHE W EC an WEEE exporter shaukd
Unian 0123 Waste Elecirical and prove that the recovery,
Electronic Eguipmen reuss, and/or recycling
(Drirective ZNENAEU on operation akes place
Waste Ebectrical and under conditlons that ane
Electronic Eguiprment) eguisitlent Lo the
requiremenis of the
Directlve
Tapan 2005 Law for the Control of Stipulates expart needs the
Export, Import and others  consent from the country
al specified Hazrdous ol impuart
Wastes and other Wastes
[ Lo Mo, DOB. 1992 Latest
revision: Law Mo, 33)
Singapore 008 Impart and Export of The approval for o impost
e-wantes and msed amnd expoort of hasardous
Electronic Eguipment c-waste will only be
pranbed an a cse-by-case
basis
Sputh 1544 Actan the Contsol of Mo permisséon for export
Korea Transhoundary Movement s issued without consent
of Hazardous Wastes and  from the couniry of import
thedr Dispos] (1964
Lisa 2011 HE 2284: Responsible Banned the cxport of

Electronkcs Becyeling Act

certain WEEE: PCg, TV,
printers. capiers.
videogame sysicms.
telephones, and similar
used electromic producs
that coniain cathode-ray
Lubes, batleries, swilches,
and other pars containing
lead, cadmium, mescury,
organic solvents,
hexawalent chromium,
beryllivm, ar ather loxic
ingredients

Source: Based on Li et al. (20151 and EL Directive (20021

claim that it is “e-waste for repair” [ BAN 2009). Therefore, despite national and inter-
national effort, e-waste trafficking (illegal movement) from developed to developing
countries continued { Premalatha et al. 2014).

Eecent studies have also shown this global transboundary movement [Garla-
pati 2016, Kumar et al. 2017) and reported additional developing couniries as



Table 2.2

5.7 Wrermehional Legistation and Transhoundary Movement

Monexhaustive list of legislations and regulations implermanted to permit or ban
impart and export of WEEE and used EEE In common destination countries.

Legislation and/
Country Yesar ar regulation Description
Destination countries
China 217 Implementation Flan for Implemented strict
Prohibiting the Entry of regulations to ban most selid
Foreign Garbage and witste import, inchuding
Advancing the Beform of the WEEE from other countries
Bolid Wasbe Import
Addministration System
2 Messures for the Collection, This regulation deflives the
Lse, and Administratien af scope of puyers and users of
Furds for the Disposal of recycling fund for Electrical
Wiste Electrical and and Electronic Prodscts
Flectranic Products
L3 Adminisirative Mexsures for This regulation was lssued by
the Circulation of the Llsed Ministry of Commerce bo
Elegrical and Electronic promiote rewse of Electrical
Products and Electronic Prodwcts. The
reseller should set up
information profile of used
products and implement a
rewss labed on the products,
HHA Regulation on the This regulation is the oone of
Administration of the WEEE management in
Recovery and Disposal of China. Based on the
Wiste Electrical and principles of extended
Elecironic Froducts producer responsibility
{EFRE L the recycling fund
mechanism, centralized
processing. and |boensed
recycling mode ane fixed.
Ghana A Hazardous and Electronic Prohibition of imipore, expor,

Wiaste Conitral and
Management Act 20016 (Act
Q171 Sramus: Approved

and Lrangparialsen ol
hiazardaus waste in and out of
the couniry. Written
authorization is required From
the Minkster for an exception.
A Permit needs to be obiaimed
From the Environmental
Protection Apency (EPA) after
paving an Adsance Eco Levy
{AEL] fees. The person must
b registered toget the pemmit
willing Lo imaslve in
imipart/export of ¢-wasic

(oo iined)
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Table 3.2 (Continued)

Legislation and)
Cauntry Year o requlation Description
Homg FLI o specific bnw exists, eWaste is subjected 1o permit
Eong Fromation of Becycling and cantrol under the WKL
Fraper Disposal (Electrical
Equipment and Electronic
Equipment} (Amendment)
Bill, 2005 {Producer
respensibility scheme (PRS)
Scheme) is under discussion.
e-Waste (5 penerally
corsidened urkder The Waste
Disposal Ordinance (W]
[19B0O).
il Advice on Import and Expart Importfexport compliance
of Used Elecirical and checking for used EEE
Electronic Eguipment Having
Hazardous Components ar
Constiiuenis, Environmental
Fratection Department
(EPLY, third ed,
Malaysia 2010 CGuidelines for the This Guideline nssists all
Classification of Used parties concerned in
Electrical and Ebeclronic identifying and clasilying
Equipment in Malaysia used EEE as WEEE. Malaysia
has ratified the Basel
Canvention, amd a5 3 Party
must follow the procedures of
the Corventlon for the Impost
and export of e-wasle
Wigeria o1l Guide for Importers of usad The government bans the
EEE into Migeria (2001) impoartation ol WEEE aml
near-end-of-life EEE. Every
importer of wsed EEE should
register with Migeria's
national agency
il Malional Environmental This regulation provides

{Electrical and Electronic
sector) Regulations, 5.1
ralp. il

guidelines for importation of
the e-swaste iiems and any
couaste importer miest
subserile 1o EFR program
amd partner with Mational
Ervircnmental Standards and
Regulations Enforeement
Agency (MESREA),
Addministrative cost nesds to
e paid by the importer 10
MESREA.




Table 3.2 [Continued)

5.7 Wrermehional Legistation and Transhoundary Movement

Lagislation and/
Country Year ar regulation Desoriptian
Thiatiland & WEEE Stratepic Plan Phase [T This plan restricts impart and
(200 2-2K &) has been taken xport af low-qualiny
under WEEE Strategic Plan eleciranic and electrical
products
T4 Mo apeciflc law I8 available.
Waste Electrical and
Elecironkc Equipment, Draf
Act, Movermber 2004 & under
drafi.
BN Criterion [or Impoest ol wsed [t presents a list ol weed EEE
FEE comsidered as Hazandous classified as hazardous
Submtances substances that will be
oentralled, bul in general
Allows its importation
Vietnam MG Decree Moo 1535/ 2016/ND-CP With the enlarcement of the
degres, penalties are applied
for sdministrative violations
againg regulalions on
crvirenmental protection,
Haswever, this deceee is not
specific to g-wasbe, only,
L5 Regulations on the Recovery, EFR system applied on the
Processing and Disposal ol discarded products in e year
Waste Products, Daecision Mo, 2015
1672005 QD-TTg
iHD5 Law on Environmenial [t encourapes waste reduction
Protection and recycling, stipulates the

respansibilities for wasbe
generators b minimize waste
production. Incudes articles
far hazardmes waste
management and prohibis
the imupart and transal of all
kinds af wastes

Soirce: Based of Chiness Government Network (20075, LE et al. (2005, Owsu (007, Pelucla
(2008, and Phannao (3017), Chimese Government Metwork (20070 Lo et al. (2005, Oevuso (20177,
Pelsala ( 2006), Fharino (20170, STEF (20149a], Thi Thu Kguyen et al, (20019], Wong (2004

destination places (imporiers), which implies that this pattern is still in course. In
the past three years, the Basel Action Metwork [ BAN ) has published several studies
on “scam recycling,” in which companies from developed nations (e.g. European
countries, Canada, Australia, USA) supposedly recycle WEEE, but in reality export
it abroad to junkyards where the waste is dismantled using dangerous and polluting
methods (BAN 2016). Developed countries, large e-waste generators, in the name of
international trade - using the "reuse” excuse to save their environment and money
flow - dump their e-waste in developing countries like India and China {Goel 2007,
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Bouiia, Banrad Exgor WEEE

Sowmn, Parmitsd Hxporl WEEE

Bouria, Mot kegislatian Eapait WEEE
Dasinshicn, Barnesd Imperi WEEE
Daaslinatian, Paimiles impsn WEEE
Dastingtion, Mot l2gielation Impor 'WEEE
Rice® Pl from Sounces 10 Destita oss

Hg.l.l'! 3.1 Enown naules and |3IEI'I"I'Ii55|EII'|5.I|}BI"ﬁ Tar the WEEE |I‘IH:|'I'.'II'I'_‘.,|"E'!I!|}G|"[5. in 2013
Source; Li et al. (2015).

This scenario calls for a verification system capable of assessing the particularities
WEEE management, recycling, and treatment. This is to ensure sound end-of-life
practices, but also to track double counting of WEEE, which is suspected to happen
in some countries as a means 1 boost results (Toffolet 2016), As can be anticipated,
this need was filled by several different conformity verification systems, especially
in Europe. As a result, trade berween member states was made difficult because,
for each country, a different set of rules applied. For this reason, the WEEELABEX
(short for WEEE Label of Exceillence) was created. 15 objective is to design a set of
European standards for collection, sorting, storage. transportation, preparation for
reuse, treatment, and disposal of all categories of WEEE, while harmonizing the
rules and procedures for conformity verification in Europe, This would Fcilitate
tracke among the member states and level the plaving field for stakeholders (Leroy
2012,

In light of the transboundacy movement of e-waste worldwide, important changes
oeewrred in 2007 when China, o major waste-destination country, announsed siricter
monitoring regarding the quality and contamination of the scrap material received.
In July 2017, the former Ministry of Environmental Protection of Ching announced
at the World Trade Organization (WTO) that “by the end of 2007, China will for-
bid the import of four classes, 24 kinds of solid wastes, including plastics waste
from living sources, vanadium slag, unsored waste paper and waste textile mate-
rials”™ (WTO 2007). It later confirmed the announcement about the import ban on
a range of polymers (highly present in e-waste), which would came into force by
the end of 2015 (Resource Recycling 20158}, Shipmenis of scrap polymers to China
dropped by 99.1% from 2018 to early 2019 (Resource Becycling 2019). These changes
highly impacted the international scrap trade and diverted the material flow to other
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Asian countrics, especially Malaysia, Vietnam, and Thailand (5taub 2018). The over-
load in these new destination countries was extreme to the point that, less than one
year later, both the Vietnamese and the Thai governments announced they would
stop receiving scrap plastics (ie. also announced import bans)  Resource Recycling
2008} China has already proposed a total import ban, which would take place in
2020 and includes scrap fiber and every other form of solid waste, The change was
implemented, however, from 01 January 2021, The country has completely banmed
the import of solid waste {Ministry of Ecology and Environment 2021} These mea-
sures were anoounced with the intent of protecting the environment, improving
people's health, and fovoring domestic matecial over international {Besource Becy-
climg 2018; State Council 2017}, The COVID pandemic hos delivered yet another
blow of uncertainty o this scenario, increasing the difficulty o move scrap materials
internationally {Resource Recyeling 2020).

3.3 Extended Producer Responsibility (EPR)

Extended producer responsibility (EFR) is a policy in which the manufacturer is
held responsible for its products when they reach their end of life, It is based on
the polluter-pay principle and has besn widely adopted in e-waste management sys-
tems worldwide, Switzerland, Japan, Buropean Union (g.g. UK, Holland, Germany},
some regions of the USA and Canada (Table 3,30, and miore recently China have
adopted this policy (Kiddes ef al. 2003; Wang e al. 2008} The introduction of EPR
wiis important io achieve sustainable ewaste management, it allowed the financing
of unprofitable (but necessary) processing steps, the evolution of the e-waste recy-
cling indusiry, a synergy between policies and legislations, and a consumer demand
for sound dispose option for e-waste (Schluep 20140, The EFR requires the producer
1o undertake the financial costs of the end-of-life management of WEEE (a3 is the
caze in the EUY In some cases, however, the financial burden is split with different
stakeholders, including the consumers who are often required o pay a fee for the
processing of its EEE once it reaches the end of its lifespan. These fees must be per-
ceived by the payers as fair, reasonable, and based on actual costs of the end-of-life
management. They should also be revised periodically as the schemes in place are
better understond and avdited (M52 and Perchards 2009

3.4 Regulations in Various Jurisdictions

Az of 2019, 78 countries adopted a national e-waste policy, legislation, or regulation
(Forth et al, 20200, but enforcement, investment, and other context-related faciors
need to be scrutinized to fully understand the regulations in place, and the extent
towhich they work. The particularities and characteristics of the YWEEE regulation
im specific countries are described in the section hereafter. Diata availability, consol-
idated e-waste management system, and importance in the international scenario
were the criteria used to choose the countries.
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Table 3.3 Extended producer responsibility (EPR) in different countries.

Cowntries

EPR concept

European Unkon

Switzerland

United States of
America

Japan

South Eorea

Australia

Singapore

China

India

African

countries

The directive mainly focwses on reuse, recyche, and recovery of e-wasies
and dismantling ol eleciranie parts and recycling ol materials, proper
collection svstems to redece disposal and incorporate best management
practices.

This country was the first to develop and implement methods for
collection, transporiation, recycling/treatment and dispozal of e-anste.
Three producer responsibilily organizations [ PROs): The Swiss
Amsncintion for Information Communication and Organizational
Technology (SWICO ), the Stfung Entsorgung Schweiz (SEMS) and
Swiss Lighting Recycling Foundatiom (SLES) aversee these sysiems based
o the coneept of EFE.

Estatlished lunding for the collection amd recycling ol e-wasle
Consumers pay a few called Advance Recycling Fee (ARF) 8t the time of
purchase that goes o the stabe and 8 vsed 10 relmburse recyclers and
callectors.

Manufacurers and imposiers are responsible for taking back end-of-life
electronics lor recycling amd waste managemenl Consumers pay a les
that is directly wsed o meet the expenses of recycling and transportation,

Lacal manulsciurers, distributors, amd impocers of e-goods ane reguinsd
in achieve official recycling targets. Government Eeeps an account for
depositing funds for recyeling, which are refundable depending on the
amaunt of waste recycled,

Importers, manufzeturers, and distributoss have to subscribe o
mancdatony, coregulalary, or saluntary schemes for managing the disposal
of computers and televisions,

Expoort, imporL, of transil wisle reguines 3 permil Irom the Pollution
Cantral Department (PCTY) of Singapore. IF documents are svailable o
support that the prodwets ane in good condition and can be reused. only
then permission is granbed.

{a) Pellution prevention and controls om the wse, dismaniling, and
desposal of e-waste, under *Technical Policses for Comtralling Pollutson of
WEEE, 2000,

(b} Certificate ks required for e-waste recycling systems, under
“Administrative Measures for the Prevention and Control of
Environmental Pellution by WEEE, 20," and

() Al producers and importers responsible for thelr products, collection,
and reatment funds, ender “Begulation on the Administration of the
Recovery and Disposal of Waste Electrical and Ebectronic Producis, 20127
Acoording o ils Ministry of Environmenl, Forest and Climate Change,
2011, producers are responsible for the collection of e-waste penemted
after the end of 1ife of the e-produects. The legislation was modified in 2015
with new responsibilities for the prodecers as well s consumers.

The use of EEE I8 very less in the African countries. Mo specific e-waste
legislation has been implemented in those countries.

Scurce; Hased an Goel (200 7) and Premaladha e al. (20141
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341 Europe

5411 Frane

In X0, Frunce set wpon the producers, retailers (under their brand ), and importers
the obligation of supporting the end-of-life management of WEEE and achieving
the recyeling and recovery targets set by the Environmental Code, Producers could
gither take the responsibility individually or collectively through the so-called
eco-organizations, The latter was preferred by the majority, which gave rise 1o the
“Ece-systems,” the “Eco-logic,” and the “Evropean Recycling Flatform"™ {Vadowdi
et al. 2015). To finance the operations, consumers pay an eco-fee when buying a
new EEE, which is visible at the time of purchase. These vary from a few cents to a
little more than tens of curos and were reporied not o0 have changed the purchasing
habits of the consumers (Toffolet 2006). However, revenue for the operation is
also obtaimed by different taxes and by fees paid by the manufcturers, which vary
according o the product (hosed on criteria of durability, tosicity, recveled content,
and design for disassembly) (Vadouwdi et al. 2005). The government parficipates
actively in the whole system by overseeing the arrangements, charging fees,
paying agents responsible for collection and recycling, approving these agents,
enforcing end-of-life treatment standards, and applying penalties to uncompliant
manutacturers { Vadoudi et al. 2015).

5412 Germany

Germany uses a system dubbed “divided product responsibility.” The regulations
im the country require public sector recycling companies o establish WEEE recy-
climg centers and o accept WEEE free of charge = retailers are also allowed to accept
WEEE from consumers (LB Z016). The municipalities, after receiving WEEE from
the public, sort the waste into groups prior to the manufacturer pickup (BMLU 2015).
The lecal municipal authorities may then undertake the recveling or forward it free
of charge to the existing take-back system. This is quite different from other coun-
triez, where local authorities charge the take-back systems for such service {Toffolet
2016} All EEE manufacturers must adhere to the system, register, and assure its
fimnancing. They must also organize the treatment of WEEE and provide proof ot such
(BMU 20015} Moreover, they are fres to provide theic own recyeling mechanisms
(UB 2016), Unlike siher countries that split “historic” WEEE {waste placed before
the system was implemented) according to market share, Germany has a set of cri-
teria o determine which producer should be responsible for it picking up {Ongondo
et al. 2001 ). Under the system, the consumers are reguired by law to dispose of their
WEEE in the take-hack facilities (/B 2014).

The German system works on a competitive basis { BMU 2005}, and there are regu-
lation= in place to limit the manufacturing clusters. Thus, each produecer must collect
its share of national obligations under o main fake-back system that ensures the
collection costs are shared equally. This main take-back system is also responsible
for determining recovery and recveling targets (Ongondo et al, 2011), The targets
rates are specific for the various device classes (UR Z016). The search for the lowest
short-term costs sought by the system, however, resulted in scattered volumes and
im the gradual desertion of the market by operators (Toffolet 2016).
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34,13 Switzerland

In Switzerland, the current regulations in place oblige the EEE user 1o give back
its end-of-life device and all retailers must take back any appliance at no cost. As
opposed 1o many other countries, in Switzerland the legislation does not define
how the industry should carey out thelr responsibility to manage and finance their
WEEE recycling. In this regard, two producer responsibility organizations {PECY)
are responsible for e-waste management under an EPE-based system, the “The
swiss Association for Information, Communication and Organizational Technology
(SWICO)™ and “Stiftung fiir Entsorgung Schweiz (SENS)" (Islam et al, 2018}

Therefore, the actual industry decides how to establish and carry out the recycling,

which renders a svstem that is voluntary and designed to be flexible and oost
effective (Romdn 2012} Though the svstem operates under a voluntary condition,
there are some ke characteristics such as clear definition and provision of roles and
responsibilities of all the actors; secure finance sourcing by implementing advanced
recycling fees (ARFs); broader product coverage in the e-waste management
regardless of the types of EEE, ils date of purchase, and manufacturers. Other
characteristics include stringent control and monitoring of the finance and material
flow along with externalities such as emission and health hazards; guidelines
to avoid free riders; and finally, prohibition of the illegal dumping of e-waste to
non-DECD [Organization for Economic Co-operation and Development) countries
(i.e. countries that belong to the Organization for Economic Co-operation and
Development) { Chaudhary and Vrar 2008).

34.1.4 HMorway

Morway isa non-EL member in spite of being tightly related i the Union politically
and economically, Therefore, Morway hos o WEEE management approach quile sim-
ilar tpother EU members, but alss has its particularities and introduced the national
legislation regarding e-waste in 1999, well before the ELF WEEE Directive, which
was officlally enacted in the year 2002 (NEA Z01E). The Morwegian producers and
importers of WEEE are obliged 1o be a member of one of the authorized take-back
companies, which, in turn, must have approval from the authorities. Consumer faxes
ensure the financial requirements for the end treatment of WEEE, and the collec-
tion is organized either on the municipal level, by intermunicipal waste companies
of by stores (Romdn 2012), Three major take-back companies have approval and
are responsible for e-waste management: Morsirk, ERP Morway AS, and REMAS AS
[(MEA 2B} There is a law in force that obliges municipalities o collect WEEE,
while the reguirement for take-back systems 5 that they must ensure a free col-
lection from enterprises, distributors, and municipalities collecting WEEE [Romdn
2012). It is the producers, however, who set up the take-back companies to man-
age WEEE from households and businesses. Under Morway's Waste Regulations, a
special WEEE record is maintained to aggregate the information of all EEE product
manufacturers and importers, identify free riders in the system, exchange regula-
tory information with imporiers and manufacturers complying the with the “WEEE
managemeni rules, and finally, collect and collate information and data from the
companies involved in the take-back system {MEA 2018).
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4.2 Americas

5421 United 5tates of America

The USA does not have a proper federal regulation for electronic waste. This is
mainly because legally WEEE is generally considered a nonhazardous waste. The
policies are, instead, imposed by the stale government (Li et al, 2015, Ongondo
et al. 2001} In general, however, it |5 illegal for businesses in the USA o place
eewaste in the trash (Mamios 2013), Currently (2019), 25 states hove passed laws
concerning collection, recycling, or processing of e-waste = these vary considerably
among states (Schumacher and Agbemabiese 20019). Some states have applicd
EPER programs that comprise disposal fees, deposit retund systems, and mandatory
take-back systems for rechargeable nickel-cadmium batteries (Garlapati 2006}
some have prohibited e-waste from being disposed of in the municipal waste stream
(Mamias 2003}, Becent research suggesis that having discrepancies in the legislation
within the country obstructs the implementation of efficient waste management
svstems, This issue could potentially be tackled by having o fedecal legislation, a
maodel state legislation, or an overall EPE policy, which clearly defines the roles and
responsibilities of the stakeholders (Hickle 2004; Schumacher and Agbemabicse
2009

In Maine, the legislation specifies that each manufacturer is individually respon-
sible for all the collection and recycling cost of its goods in addition to a share of
orphan waste, which is waste from producers that have gone out of business or no
longer trading. Orphan waste must be covered by any manufaciurer with more than
1% market share, Municipalities and collection points are responsible for collecting
eewiste and forwarding it onto o conselidator, which counts, weighs, and identifies
the brand of each product. Manufacturers can cither collect a representative e-waste
sample from the collector {based on a return share), pay the consolidator to recy-
cle the e-waste on its behalf, or have their branded products separated and recycle
them themselves. Any brand that is not compliant with the legislation is banned
from selling s products (MeCann and Wittmann 2015,

The State of Morth Caroling introduced an e-waste landfill ban and an EPE law
comprehending PCs and TVs manufocturers, retailers, and local povernments, Tt
implemented a free ake-back program for the community, required the liable par-
ties to register (be “certificd”) and to pay an annwal fee, The EEE producers pay the
WEEE recyclers according to its selling share, which becomes their recycling targed.
Retailers must ensure correct EEE labeling and cross-check manufacturers/brand
i make sure they are certified under the State. WEEE is mainly collected by local
governiments, who must provide annual reports and forward WEEE o recyvclers,
The role of the State government is screening and certifying the recyclers, register-
ing the EEE producers, regulating the system, and Aoancially supporting eligible
Iocal governments, The system discourages scavenging and encourapges recvelers to
improve their recyeling processes and efficiency, State low also requines environmen-
tally sound recycling { DECG 2018).

The State of California requires retailers to charge a recycling fee from consumers
who purchase cemain EEE. The focus is mainly on displays (cathode ray tubes
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[CRTs), liquid crystal displays {LCDs), plasma, ctc. ). Retailers meay retain up to 3% of
the fees to cover collection costs, the rest is sent to a board that reimburses recyclers
and organizations, which, in turn, provide free e-waste recycling to consumers and
businesses (Mamiss 2013),

In Mew York, manufacturers of certain EEE are required to collect and recycle
[or reusc) their brands of products at no cost for residents and small businesses.
The covered EEE include computers (desktops, laptops, tablets, e-readers), periph-
crals (keyboard, printer, monitors ), televisions and small equipment {DVD players,
video game consoles, receivers, small-scale servers) (NYSDEC 2009). Furthermore,
certain WEEE are cligible for free collection through a manufacturer take-back pro-
gram. The sate requires manufacturers w establish collection, handling, and recy-
cling/reuse of discarded WEEE, it also establishes annual revse and recyeling targets
for all e-waste, Excesding the imposed targets results in credit, while o shortage
ingurs in a surcharge, There are several take-back programs, including free postage
mail-back system and local collection events (Mamias 2013}

34.2.1 Canada

As is the case for the USA, Canada does not have a central federal regulation to deal
with the e-waste, Instead, the provincial government is responsible for regulating
its manggement (Li et al. 2003). This lack of a central government standard does
nob allow an even competition among recyclers from distinet provinees, By 2014,
all provimces but ome (Mew Brunswick) had a proper e-wasie management program
[(Morawski and Millette 2014}, The Canadian WEEE management sysiems hove
been designed and are managed by foundations owned by technology companies
(Irami et al. 2006} while the recyclers must meet o standond established by o
nonprofit entity created by the electronics industey of Canada (Morawski and
Millette 20143,

Fecently, the country has implemented Environmental Handling Fees (EHF) 1o
all comsumers when they purchase a new EEE. This is used o cover the cost of the
end-of-life management of WEEE; the cost (and therefore the fee) varies according
o EEE and location (province), The fee has been implemented in Quebec, British
Columbla, Saskatchewan, Manbtoba, Mew Brunswick, Nova Scotla, Mewfoundland,
and Labrador, In the Province of Quebec, recyclers that operate must be verified
under the national standard. The drop-off point network s made of municipal eco
centers, retallers, and other organizations and businesses. In British Columbia,
EEE manufaciurers and distributors are reguired to be part of the Stewardship Plan,
which was created and is regulated by the Electronic Product Recycling Association
(EPRA 2014),

In the province of Ontario, the first e-waste related regulatory program was inl-
tiated under the Waste Electrical & Electronic Equipment (WEEE) Program Flan
in 2008, which was then revised by Waste Diversion Ontario (WD) and the Min-
istry of Environment (MOE) on 10 Tuly 2009, This piece of legislation delivered the
compliance and enforcement procedures. Then, in 20146, the Besource Recovery and
Circular Economy Act, 2016 (under schedule 1), was enacted in combination with
the Waste Diversion Transition Act, 2006 {schedule 23, which focuses on achieving
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circular cconomy. The common ground of both schedules included (i) promoting the
reduction, reuse, and recycling of waste; (i) promoting competition, cospertion,
and coordination among various actors involved in the resource recovery supply
chain; and (iii}) enhancing equity for consumers and decreasing the environmental
impacts of the resource recovery activities (STEP 2019b).

5423 Brazil
Solid waste (including e-waste) falls under the Brazilian Policy of Solid ‘Waste
( BFSW), which iz the main Brazilian legal framework toward waste management
in the federate level (Brasil 2010). The policy establishes the peneral guidelines that
the country should follow concerning wastc management, the responsibility of the
waste generators and the government, and applicable economic mechanisms. The
shared waste stewardship is among other changes imposed by the BPSW { Brasil
20000

The framework, however, does nol define specific poals to be reached through the
BPWE nor holds the waste generators liable using concrete methods (evaluation,
maonitoring, fines, et ), Instead, it mentions that thess attributions will be addressed
im o latter document colled the National Solid Waste Plan (Brasil 20000, The plan
was written, elaborated, and debated with the community during the vears 2011 and
22, A preliminary version was published in 20011, but it still awaits the approval of
the agriculiucal policy commitbes to comse into force (MMA 2012} In 2018 the plan
wars still i standby with no perspective of it being concluded and enforced in the
mear future (Grandelle 2018), Indeed, to date (20217 it is still in stamdby but the cur-
rent expectation from the industey is that it will be approved this vear {Correa and
amtas 2021} In summary, the policy was not enough to affect the Brazilian waste
stadus guo and the plan - that supposedly would enforce the policy - never overcame
the Brazilian bureaucracy. Explicitly targeting WEEE, the BPWS required the imple-
mentation of a specific sectoral agreement, which is composed of contracts between
the government, the manufacturers, the importers, the distributors, or the vendors,
with the objective of implementing the shared responsibility concept o the EEE
goods, This was first drafted in 2003, but debuted only in Movember 2019 (Calado
etal, 2017, Minkstry of Ervironment 2013, MMA 20200, The agreement has several
stages: initial steps of the agreement mandate that companies that sell electronic
products {physical stores or e-commerce) participate in a reverse logistics system.
They also became obliged to accept (from consumers) and store end-of-life products
temporarily. Later stages, once the reverse logistics system is in place, will include
collection targets (by weight] that increase progressively (FECOMERCIOSP 2020]).

4.3 Asia

3431 lapan

Japan’s home appliance recycling system was driven primarily because of the short-
age of landfill space in the country and the need for resource recovery (Yoshida and
Yoshida 2012). Under its regulations, consumers pay a recycling fee when discard-
ing TW=, air conditioners, refrigerators, and washing machines. Retailers have the
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obligation of taking back items of these four categories, while producers have the
obligation of recycling them (Yoshida and Yoshida 2012}, PCs and copicrs were later
included as voluntary items (Morris and Metternicht 3016 ). While being responsi-
ble for collecting illegally dumped WEEE and being able to treat some designated
WEEE types (Morris and Metternicht 2006}, the Japanese municipalities do not
pertorm the collection and processing recycling operations themselves, Instead, this
is carried out under a producer partnership cluster that i=s divided between Groups
A Panasonic, Toshiba, and others)and B (Mitsubishi, Hitachi, and others)} (Yoshida
and Yoshida 20012} There are about 15380 inhabitants per take-back site in the coun-
try, and the EEE producers have to meet recycling standards and targets determined
by legislation (Morrs and Metternicht 2006} About 78% of WEEE are collected
by retail stores, of which 64% are recveled by the producers and the rest is lost
because of WEEE entering via channels outside the system and, therefore, without
being paid for (Yoshida and Yoshida 2002}, Breaching the low implies in corrective
recommendations, corrective orders, or penalties (Morriz and Metternicht 2006)
The podicy is built around recyeling, which restricts product reuse (Yoshida and
Yoshida 2012}

3451 China

As the quantity of Waste Electrical and Electronic Equipment grows fast (Zeng et al.
2016), the Begulation on the Administration of the Becovery and Disposal of Waste
Electrical and Electronic Products (Ching WEEE Begulation) was enocted in 200%
and enforced in 2012 Ching WEEE regulation symbolized the formal implementa-
tion of Extended Producers Besponsibility theory, supported by a family of technical
puidelines and policies (Zeng and Li 2009}, including opecation of recveling fund,
et WEEE recycling fund was set up and the financial subsidy was distributed into
certified recvelers since 2003 (Song et al, 20170,

The operation of WEEE recycling fund guarantesd and promoted development
of formal WEEE recycling sector in Chima, with significant environmental benefit
(Wang ef al, 2008; Zeng and Li 2009}, Until 2017, there were 109 certified WEEE
recycling plants in China, distributed in 29 provinees, In 2017, 79,94 million units of
WEEE were disassembled and ireated in these plants, including 4207 million units
of waste televisions, £.04 million units of waste refrigerators, 13,59 million units of
waste washing machines, 3,98 million of alr-conditioners, and 12.27 million units of
waste PCs {MEE 2017), Further, 90% of WEEE treated in the formal plants in 2017
went through technical auditing of Ministiry of Ecology and Environment of China,
which means subsidy from WEEE recveling fund would be distributed o the formal
ants based on the monitored quantity,

However, there are still challenges facing by WEEE management system in China.

The imbalance between fund levies and subsidies led o an wnsustainable WEEE

funding policy, while the tedious procedures of subsidies distribution decreased the
efficiency of the payment system (Zeng and Li 301970 In 2005, there was a deficit
of nearly 2.& billion CHNY between the amount paid by the producers (2.8 hillion
CWY) and the 5.4 billion CWNY subsidy distributed to the certified plants {Chen
et al. 2008).
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5.4.33 Taiwan

Taiwan's WEEE handling structure is known as the 4-in-1 recycling program and
began to be drafred in 1988 with the Act that mandated an EPE system. By late 1990,
the regulatory framework in Tabwan already had a cash reward program for con-
summers who ok thelr urwanted computers 1 designated collection points, which
consisted primarily of retailers (the reward program is sl active even now). These
retailers also obtained financial rewards for receiving the used equipment (Lee et al.
2000} From the beginning, policies around the recvcling processes stated that the
computers had to be processed in a sound manner and included requirements such
as avolding landfilling and incineration, and removing the phosphorescent coating
from CRTs [Lee et al. 20000, Under these policies and regulations, the Talwanese
society has had the obligation of recycling its EEE since 2001 (Shih 2017). The Tai-
wan Environmental Protection Administration { TEPA) is funded by manufaciurers,
who have to pay a fived advanced recycling fee at the time of EEE zsale. This fee is
based on the auditing and verification that TEPA runs yearly alongside of industry
representatives {Fan et al. 200018; Shik 2007} The funds are used mainly to subsidize
the recycling industry who receives financial rewards depending on the volume {or
number) of WEEE it processes.

3434 |India

In developing couniries like India, the implementation of well-established EFE
approaches used in developed countries is ineffective (Borthakur and Govind 2014;
Wath et al. 2000} The country relies on informal collection and processing, which
is capable of absorbing 90% of s e-waste [Dwivedy et al. 2015). Therefore, India
currently has a voluntary take-back system, where there are no laws o enforce
compliance and no penalties for not meeting the EPE goals, which were established
im 2000 in the lines of the Eumopean EPR directive {Dwivedy et al. 2005). These
circumstances create a different scenario from that found in developed countries,
since Indian consumers prefer to sell their obsolete equipment in the informal
sector (ie. they expect a profit when discarding their WEEE] instead of adhering to
the principles of formal EPR {Borthakur and Govind 2008; Dwivedy et al. 2005).

344 Africa

3.4.4.1 South Africa

There is currently no legislation specifically addressing WEEE, the country i defi-
clent in e-waste recycling infrastructure and industries are not reguired o submit
Cor share) data on the e-waste they generate, making available information unreli-
able and contradictory, The South African government, however, has recently rec-
cgnized the e-waste as a priority waste stream | Ledwaba and Sosibo 2016; Snyman
et al. 2017} While the government has not passed any specific legislation or pol-
icy related to e-waste, it follows some of the international legislations connected
o it, such as the REotterdam Convention, the Stockholm Convention, and the Basel
Convention, under which different types of hazardous substances and waste are con-
sidered. The Mational Environmental Management Act (Act 107 of 1998) (MEMA ) is
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the primary national legislation that outlines several issues, for cxample, avoidance
or minimizationwaste reduction, the remediation of pollution, reuse, recycling, and
proper disposal and “polluter pays” and “credle-to-grene”™ principles. Hoarever, this
policy guideline is not specific to e-wasie (Bob et al, 2007,

3441 Migeria

In 2002, a study reported that there were no serious initiatives in Nigeria concerning
WEEE management and that, in spite of some institutional frameeork, 8 number
of challenges necded addressing due to the lack of control over the floar of wsed
EEE, legislation to appropriately identify contraband items, public swarenecss con-
cerning the dangers of handling WEEE, recycling facilities in the country, and cor-
porate social responsibility. Moreover, obtaining reliable data on c-waste (genera-
tion, cxport, import, obsolescenoe rate, discard) is extremely dithicult in the counitry,
which increases the problem further {Adediran and Abdulkarim 2002). These con-
straints around data reliability are directly affected by the situation of the country
that imvolves illegal imports, informal recycling, and poor formal recycling (Wogg-
borg and Schroder 2018),

In 2016, however, the country introduced itz own EPE program. The program is
overseen by the government through the NESEEA (Mational Environmental Stan-
dard Bepgulatory and Enforcement Agency) and utilizes PROs (producer responsi-
hility organizations, like in Switzerland) to manage the funds collected from e-waste
generators (importers, distributors, ete) and transfer them to licensed recyclers and
formal collection centers, The main deawback is that the EPR program does not
extend o the informal sector, which plays a dominant role in Migeria's e-waste man-
agement system [(Woggborg and Schroder 2018), 1t should be noded, however, that
the MESREA has no official presence in 10 out of 36 Migerian states, which further
decreases the reach of the EPR program {Iwermwanne 2019,

345 Australia

The Australian Bureau of Statistics (2006) claimed, in 2006, that “obsolete electronic
waste or e-waste i5 one of the fastest growing waste types. Very little of the increasing
amount of e-waste generated in Australia is being recycled, with most of it ending
up in landflL" In 2008, a study reported only a small percentage of e-waste was
recycled in Australia, particularly low percentages were reporied for felevisions {1%),
compauters (1.5%), and mobile phones (%) (TEC 2008}, This led o an "ever growing
e-waste mountain” (Herat 2008), where significant amounts of e-waste were being
sent to landfills (Ongondo et al. 20010, The biggest challenge for the country has
been claimed o be legislation and compliance, given that by 2011 the initiatives to
confest the WEEE problem were either too late or too little (Ongondo et al. 2001},
The lack of legislation, however, has been tackled in recent years, as Ausiralia cur-
rently holds the only law on the management of e-waste in Oceaniaz The National
Television and Computer Recycling Scheme (NTCES). The Mational Waste Policy
[Awustralia’s general waste management guidelines), the Product Stewardship
Act 2011 (framework to administer and accredit product stewardship schemes
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throughout the country), the Product Stewardship {Televisions and Computers)
Regulations 2011, and the Mational Television and Computer Recycling Scheme
2011 provide the framework to manage the lite cycle of computers, televisions, and
their peripherals (Morris and Metternicht 3016). The scheme aims to collect and
recycle e-waste, specihically televisions, computers, and its peripherals. The scheme
is similar to the EU Directive, wherchy the Member States must establish systems
for users and distributors to return houschold WEEE to collection facilities free of
charge and requires manufocturers o finance the collection and recycling of WEEE
at these facilities (Lane et al, 20150,

O top of the NTCRS, there are other regulatory schemes and industry programs
for eewaste in Australia. The Mobdile Musters program aims to collect mobile phones,
ils batteries, and accessories, IUisa 20 vear-obd scheme that bas collected 1323 wns of
maobile phone components since its commencement. (Mobile Muster 201 7). Another
arrangement is the Australian Battery Recyeling Initiative, which aims 1o collect
household batteries and commenced in 2008, Itis currently a voluntary scheme, but
there are negotiations in course to establish an industry-funded recycling program
CABEID 203; CGrolev and Corder 2017} The Cartridges 4 Planet Ark is alzo a volun-
tary scheme established in 2003. It's a free scheme for the end user that has collected
a fdal of 39,1 million cartridges since its commencement (C4PA 2003; CGolev and
Corder 2007

There is no statutory bound that obliges the owner of an EEE to dispose of those
products safely. There are minimal penalties for disposing of EEE in public, but it is
conzidered a minoer criminal offense. Most Auwstralian States and Territories do not
have bans on e-waste going into landfill, the exceplions are South Australia and the
Australian Capital Territory {Lane et al. 2005). The state of Victoria, however, has
implemented a ban on e-waste in landfills, which took effect in July 201%. The ban
is enforced by the Environment Protection Authority (EPA) (Victoria State Govern-
ment 2019}

3.5 Conclusions

There is a worldwide struggle o Gnd a solution to the WEEE challenge, Different
countries are trying different approaches and there is still lictle information about
the material flow and management svstems in many developing nations, While each
individual country has its particularities, the exchange of experiences and compar-
ison of different approaches tward WEEE management among countries yvields
important insights toward best waste management practice. Once identified, guali-
ties and shortfalls of a given svstem can be adapted for a different countey in a pro-
cess of continuous enhancement through regulatory framework and management
system setup, Examples of such exchange can be verified by looking at the founda-
tion the Burgopean regulations gave o several other non-European countries, or the
implementation of the Australian scheme, which took principles from schemes over-
seds and adapted to a country with large territorial size. In light of this, it becomes
necessary (o have more scientific outputs analyzing the e-waste management setup
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of different countries. This is especially important in developing countries, whens
details and studics are =till insipid.

Regulatory initiatives should be more consumer-oriented, without scarifying
the strict implementation of the EPR strategy. Specific guidelines on collection
and recovery strategies should be reflected directly in the ewaste management
regulation = such as financial and matecial Bow accounting found in the Swiss
ewpsle management system. Critical and emerging aspect (e circular economy
and urban mining) should be considered when reforming and developing e-waste
management-related regulations. This shall enhance the technical capabilities
of the policymakers tackling the e-waste problem and waste can be converted 1o
resources creating jobs and entrepreneurship. Additionally, it is important to have
unified or collaborative legislations that assist each other in the task of achieving
greater resource efficiency from e-waste, as opposed o legislations that create
difficulties to stakeholder acting across different jurisdictions/regions, as is the case
for the USA.

Finally, the recent waste ban implemented in China showed the magnitude of
c-waste volume shipped to the country from all over the world. It also revealed how
thie current global setup is dependent on the Chinese recvcling industey and how it
tle infrastructure exizts elsewhere, The unfolding of the ban over the mest few years
should render significant changes in the transboundary movement of ewaste and
the regulations associated with this waste stream worldwide.
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4.1 Background

Estimation of the amount of e-waste generated every year is one of the challenging
processes for designing any recycling or disposal practices. The success of an
c-waste recycling or disposal facility depends on the annual throughput to plant.
Without 8 constant throughput to the facility, the plant will have to go through
larger downtime due to unavailability of the input feedstock. Hence, it is important
to quantify the e-waste generation statistics accurately that in turn will help the
recycling/disposal facilities to size their plant capacity and equipment dimensions
properly to reduce the overall downtime. The proper estimation of e-waste pen-
cration in given region also helps understand the severity of the issue and helps
the concerning authorities to formulate proper action plan to tackle the e-waste
proflem. There have been soveral studies to estimate the e-waste generation. This
chapter lists the most common methods for predicting the total e-waste penerated
in any calendar year.

4.2 Econometric Analysis

Kusch et al. (2017} studied the relation of waste generation and gross domestic
product (G DF) for 50 countries of the pan-European region. [t was shown that GDP
per capita adjusted for purchasing power parity (PPF) has a linear dependency
with e-waste generated per capita {coefficient of determination: (L7657). Bemoving
Luxembourg {due to its small population and high GDFP per capita) improved the
coefficient of determination to 093,

Kumar et al. {2017} alzo showed that a linear relationship exists between the
GDF and the amount of e-waste generated in a country, whereas no significant
relation was observed between the population and the amount of e-waste produced
by the country. It was also concluded that the elecironic waste generated per
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Figure 41 E-wasle generated per capila with respact to the PPP and population. Source:
Data from Baldé et al (2017) and Warld Bank {2015),

inhabitant in any couniry was correlated with the per capita income of the inhahbi-
tants as shown in Figure 4.1. [t shows that certain countries in Asia with relatively
higher per capita income such ag the United Arab Emirates, Qatar, and Japan
produced more waste compared to other Asian couniries with lower PFF such as
India, Bangladesh, and Pakistan. The size of the marker in Figure 4.1 represents the
population of the country. It suggests that c-waste generation is proportional to the
purchasing power for any given couniry.

The econometric model is a regression-based model that uses various cconomic
factors such as GDF, growth rate, population, PPP of an economy to estimate the
ewpste generation (Yedla 2006} This method does oot aceount for the consumer
behavior, amd the life span of electrical and electronic equipment (EEE)

4.3 Consumption and Use/Leaching/Approximation 1
Method

This method estimates an average e-waste generation based on the household stock
of EEE and its average lifespan (L) assuming a saturated market where a fixed
percentage of the stocked EEE will enter the waste stream overy yearn The stock
data for a calendar year are estimated based on the number of households Hir),
penciration/saturation level per capita or per houschold Nif), and the average
wiight { W) of the EEE. The e-waste gencrated in a calendar year can be calculated
using Eq. (4.1) (Ikhlayel 2016).

Y Hir) = Tn W (4.1)
Hoaever, this method also does not account for the life span distribution of EEE.
rather it relies on the average lifetime of EEE.



4.5 Marker Supply Methad
4.4 The Sales/Approximation 2 Method

The sales method as defined by Bogar et al. (2019) or the Approximation 2 method as
defined by UNEP (2007) uses sales statistics to estimate the tofal e-waste generated
im a given year. [t assumes a saturated market where e-waste in any given year is the
same as the total new sales of electronics goods in the same year. Mathematically,
itcan be shown as Eq. (4.2

E-waste penerated in year [ = Sales in year ¢ [4.2)

Homwvewer, this method also does nof accownt for the comsumer Behavior and the life
span distribution of EEE.

4.5 Market Supply Method

The market supply method uses sales of a given EEE and its lifespan 1o estimare
the e-waste generation. The method can be subdivided into three categories that
combine the probability of rewse, storage, and disposal along with the lifespan for
all these levels to predict the total e-waste generation.

451 Simple Delay

This method assumes that an EEE will enter the waste stream al the end of its lifes-
pam, IF the life span of a given product is “L" vear, then that product will enter in
the waste stream “n" yvear after the purchose, Mathematically, it can be shown as
Exg. (4.3} (Bogar et al, 2019,

E-waste (1) = Sales(r — L) (4.3)

Howewer, this methoed also does not account for the consumer behavior and the
variation of life span of EEE over the year

4.5.2 Distribution Delay Method

The distribution delay method is a more accurate version of the simple delay
method. It considers the probability of an EEE io enter the waste stream. The
lifespan of a given product is not averaged but used in a probabilistic form (Miller
et al. 2006; Wang et al. 2013). Weibull distribution is most widely used to determine
the probabilistic obsolescence rate in any given year {Polik and Drapalovi 2013)
and will be discussed in Section 4.9 in detail. The amount of e-waste generated in
any given vear can be estimated using Eq. (4.4).
I
E-wase(f) = E Salesiry = L' 6 [4.4)
=k
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wheres,

t is the year for which e-waste quantity is being determined
t, is the base year {year the product was sold})
L i, £} is the lifetime profile of EEE in & given vear

4.5.3 Carnegie Mellon Method/Mass Balance Method

Carnegie Mellon methed is a more detailed version of the simple delay method that
uses different disposal levels of an EEE. It also uses different lifespans for these
disposal scenarios and applies a percentage to estimate the movement of & prod-
uct to one phase to the other phase and thus provide high accuracy. Different phases
of products are rewse, storage, recyele, and landfIL It uses comprehensive material
flows and their respective lifetime (Bogar ¢f al, 201% Wang et al, 2003} It requines
a separate analysis for each product life phase, The ewaste peneration can be deter-
mined wsing Egs, (4.5-4.9) (Bogar et al, 2009; Miller et al. 2016),

1) = Obsolete(f) = Sales = L) (4,5)
RUN = Reuse(l) = O x P, (4.6)
S(r) = store(r) = i = By + RUGE— L) = {47

Bty = Becycle{t) = O = Py + 50— L= Py + BUr - L = Fy
+ RU{t =L, = L)}xP,P, {4.8)

Lfin = Landfillis) = O = Py + 80— Low Py + BUGE = L) = Py
+RUG—L — L= PP, {4.9)
where,

The lifespan of the prodwet For first use is L, reuse is L, and store is L,

{is the vear for which e-waste quantity is being determined,

P, to £, is the disposal percentages of obsolete reused, obsolete stored, obsolete recy-
cled, obsolete landfilled, reused stored, reused recycled, reused landfilled, stored
recycled, and stored landfilled, respectively.

4.6 Time-5tep Method

The time-step method calculates the amount of e-waste generated based on the
sales and stock data of EEE. E-waste amount in a calendar year is estimated by
the difference between the zales of EEE in the current year and the change in EEE
stock in previous two years (Bogar et al. 201%; UNEFP 2007, Wang et al. 2013). The
method can be shown as Eq. (4.10).

E-waste(r) = Sales(r) — [Stockir) — Stockir — 1)) {4.101)



4.8 Lifespan of Eleciranic Provicrs

Table 4.1 Methods 1@ estimate e-waste genaration.

Reguired data Market type
Method Sales  Stock  Lifespan  Saturated  Dymamic  Adouracy
Ecomametric analysis Linw
Consumption and use X X X Liny
Sakes method X X Lo
Simple delay X X X Medium
Distribution delay X X X X High
Carmegie Mellon X X X X X High
Timestep X X X X High

Sources: Based om Chancerel {20000, lkhlavel (20160, Palik and Dripalovd (2002}, UNEP (2007),
and Wang et al. (H013)L

4.7 Summary of Estimation Methods

There are various methods available to estimate the amount of e-waste generated in
a given year. The applicability of these methods depends on the quality of available
data. Most of these methods are based on the sales and stocks of EEE and consumer
behavior. The reliability of these data for a given time frame and for a country will be
difterent, and it will also define the usefulness of the method. The summary of the
listed methods, the input variables, and the level of accuracy are listed in Table 4.1.

4.8 Lifespan of Electronic Products

Most of the highly accurate methods listed in Table 4.1 require the average lifos-
pan or the distribution of the lifespan of any given EEE. The lifespan of a product is
the time it takes for any product o be discarded by its owner. The estimated lifes-
pan of a few electronics products is listed in Table 4.2, 1t shows that the lifespan
of consumer electronics has decreased in the past few vears, Ala-Kurikka {2015a,b),
Ely (2014}, Geere {2015), Ahmed (2006}, and Unweltbundesamt (2006} have all sug-
gested o similar trend, which is a major repson of the increasing e-wasie quantitiss
around the globe,

As mentioned in the Carnegie Mellon method, a product might go through var-
ious phases such as siorage and reuse before being discarded; hence, modeling a
realistic lifespan is quite challenging. Thi¢haud-pMiller et al, (2018) used detailed
soclal media and emailed surveys in Swiss households o obtain service lifetime and
siorage lifetime of 10 electronic devices. Oguchi (2005) listed three methods o esti-
mate the lifetime distribution of products. The methods are based on survey data
to obtain the discard rate distributions for different products. The survey would
be conducted at the recycling or disposal facilities to collect the discard distribu-
tions, whereas a questionnaire to the consumers will provide information about the
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Table 4.2 Estirnated Lifespan of EEE.

Average lifespan
fems Ely [2014) Abbondarea and Souza (2019)
Flat-pamnel TV 74 4.3
Dieskiog computer 59 59
Laptop 5.5 4.0
Cellphomes 4.7 13
Smariphones 4.0 18
Relrigerior == 1.8
Washing machine — %]
Basc printer = 2.9

duration of use/reuse and domestic service lifetime. Cauchi et al. (20168) used these
survey methods to estimate the lifespan of several types of EEE.

Santoso et al. (2019) supgested that the lifespan of a product can be classified into
two bypes: everage lifespan, which is often used in estimating e-waste in developing
countries due to unavailability of data or unreliable data and distribution lifespan
that provides more detailed lifespan but is difficult, tme consuming, and expen-
sive, A simplified method o obain the distribution of lifespan is o use Weibull
distribution with the Weibull lifespan and a distribution fctor (Baldé et al, 2017;
Emvironmental Protection Agency 20016; Miller et al. 2006; Opuchi and Fuse 2015
Polik and Drapalovi 2012 Santoso ef al, 200%; Sumasto et al. 201% Tran et al, 2016).

Polik and Deapalovi (200 2) detailed the method m estimate the Weibull lifespan
and the distribution factor using the lifespan data based on the survey resuliz of Z0E.
Baldé et al, (201 5a) and the Environmental Profection Agency (2016) have used this
method and listed the Weibull lifespan and the distribution factor of various EEE.
The values provided by Baldé et al. {3015a) have further been used to estimate the
e-waste generation around the globe in 2014, 2006, and 2019 {Baldé et al. 2015hb,
2017; Forti et al. 2020}

49 Global e-Waste Estimation

The global e-waste generation data are publizhed as the Global E-waste Monifor.
It is a collaboration between the International Telecommunication Union, the
sustainable Cycles Program that is cohosted by the United Mations University
and the United Mations Institute for Training and Research, and the International
solid Waste Association, It provides the e-waste estimates around the world, The
method for the e-waste estimates is published by Forti et al. (2018).

For the purpose of the measurement, the products are classified in groups labeled
a5 UMU-EEYS with comparable average weights, material composition, end-of-life



4.5 Glebal e-Wiste Estimarion

characteristics, and lifetime distributions. The full list along with their respective
Harmonized Systemn (H5) codes is presented in the document published by Forti
et al. (201%). Harmonized System (HS) codes are commonly used for the purpose of
import—export around the world.

The amount of tofal e-waste generated for each product in every category is
estimated using the Distribution delay method as described in Section 5.5, It uses
the amount of a product placed in the market in a given vear along with the lifetime
digtribution of that product as shown in Eq. (4,11

A
E-waste generatedin) = E POMY = L7, m) (4.11)

=iy

where,

1 is the year for which e-waste guantity is being determined
POMIEY a5 the product sold (put-on-market) in o given year |

I, i= the base year (year the product was sold)

L (1, v} is discard-based lifetime profile of EEE sold in the year ¢

IF the amount of o product plocedfsold in the market is unknown, the POM can be
estimated using Eq. (4. 12) and domestic production, import and export information.
If the domestic production is unknown, it is ssumed o be zero, In case of imports
and exports, the number of units of the product is comverted o weight by using umit
weight of products reported by Forti et al, (2018),

POM (1) = Domestie production () + Imports () — EXports (0 (4.12)

Some corrections are needed for the outliers of the PFOM data. These corrections
are needed §F

e The POM value is too low, most likely due to unavailability of the domestic pro-
duction data for a country where domestic produection would be relatively large.

e The POM value is too high, mostly likely due to the misrepresentation of the
reporting codes or units.

e The POM value is too high, mostly dee to an obsolete produect that is not manu-
factured anymaore.

A more realistic value for POM is obiained cither by using historic values or from
acomparable country and then used for estimation purposes.

T account for the e-waste produced from product placed in market prior to the
current year, the POM data are also estimated for past year based on available data or
mitrket trend. The future POBM values are also predicted using the past, current, and
future forecast of the PPF of the country provided by the world economic outlook
and its ratio with the past and current FORM.

The next step of estimating the e-waste generated is to estimate the lifetime dis-
tribution of the electrical and electronic products. Besearchers have shown that the
Weibull distribution is the most suitable probability distribution function to model
the discard behavior of EEE (Baldé et al. 2017, Environmental Protection Agency
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2006; Milber ef al, 2006; Oguchi and Fuse 2015; Polak and Dripalovi 200 2; Santoss
et al, 2009; Sumasto ef al. 200% Tran et al, 2016),

The simplified Weibull distribution of product discard-based lifetime profile is
shown in Eq. (4,13} (Forti et al, 2018), The equation is mostly used for stable product
with time independent lifetime. For these products, the variation in the shape and
scale parameter is negligible overtime. The shape and scale parameters for various
producis are listed by Forti et al. (20015). The discard-based lifetime echoes the prokb-
ability of an EEE entering the waste stream in a given year after its sale.

a

L% {g,m) = %{ﬂ ey (%) (4.13)

where,

L ig the lifetime profile of an EEE product s0ld in a hase year ¢

i i5 the distribution parameter, also knoan as the shape parameter
i is the average lifespan, also knovwn as the scale parameter

n is the year for which the lifespan is being modeled

Figure 4.2 shows a sample plot for the discard probability and cumulative discard
probability of various EEE using Eq. {4.13]).

However, due to the technological developments (for example CRT screens), the
lifetime of a EEE product could be time dependent meaning that the shape and
scale parameters would change significantly overtime and the varations could not
be meglected, In that case, the lifetime profile has o be modeled for each sales year
using Eg. (4.14],
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Figure 4.2 (a} Dviscard probability, (b) Curmulative discard probability of various EEE owar
their Lifetime.
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where,

al#) is the time-varying distribution parameter
) is the time-varying scale parameter

In terms of e-waste collection, the total amount of e-waste generated is also the

combination of e-waste collected through various programs and e-waste discarded
can be represented by Eq. (4.15).

E-waste generatiding = Weoo + W + Wy, + W, (4.15)
where,

Wi 15 the e-waste collected by formal system, W .. is the e-waste collected by
other recycling streams, Wy, is the e-waste discarded in bins, and W, is the
quantity for which the fate of e-waste is unknown.

After the understating of e-waste generation and collection, the e-waste collection
rate could be estimated using Eq. (4.16).

""'Ii'-:lrrrul
Total e-waste generated

The European Union Directive 2002/19/EL (2012) provided e-waste collection
and recycling targets for member countries. They enforced an 5% collection and
#0% reuse/recycling target for e-waste categories 1 and 4, B0% collection and 70%
reuse/recyeling target for e-waste category 2, 75% collection and 55% reuse, recycling
target for e-waste categories 5 and 6, and B0 reuse/recycling target for e-waste cat-
epory 3 from 15 August 2013,

E-waste collection rate = = 100 {4.18]
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5.1 Introduction

It i= common ground that the invention of the transistor in 1947 by Iohn Bardeen,
Walter H. Brattain, and William B. Shockley provided the breakthrough for elec-
tronic equipment. Transistors, which had become less expensive than previous
technology (e vacuum tubes), did mot burn out in service, and were much smaller
and more reliable, had allowed electronics to enter all fields of human lite and to
provide functionalities that were unimaginable a fow yoars betore, Transistors then
cwolved to integrated circwits (1Cs) that were manufactured with about 10 individual
components on & 3mm? silicon chip. By 1970, the number of componenis was up
to 1000 on & chip of the same size. In the following vear, the first microprocessor
wits introduced, which contained all the arthmetic, logic, and control circwitry
required to perform the functions of 8 computer’s central processing unit (CPLU)
(Scace 20016)

Then, by the mid- 1980k, inexpensive microprocessors hoad stimulated computer-
ization of an enormous varety of consumer products, Common examples imcluded
programmable microwave ovens and thermostats, washing and drying machimes,
television sets and self-focusing cameras, videocassette recorders and video games,
telephones amd answering machines, musical instruments, watches, and secu-
rity systems This widespread wse of electronics has without o doubt penerated
advantages for society and individuals, since the performance of such devices hod
improved, mob o mention the increpse in functionalities, In addition, the fllowing
vears allowed each new genecation of products o reduce costz and advance in
techmobogy,

Consequently, forevery new electrical and electronic equipment (EEE) with better
features, aesthetics, and quality, a new discarded one has been created. According
1o SIEP [nitiative (SIEF 2004), “e-wasre is a ferm used fo cover e of all ivpes of EEE

* Recetved 27 December 2015,
Elevironic Waste: Brcpcling ard Eeprovessiag Jor o Sustminabie Future, Fist Edilion.

Edited by Mara E Holuszkno, Amit Eumar, and Denise C. B. Espinosa.
2022 WILEY-VCH GribH. Published 2022 by WILEY-VCH GmbH.

]



74

5 Maferimts Used dn Electronic Equipment and Manufiecturing Berspectives

and it parts thal have been discarded by the owner as washe without the infention of
re-tise.” Monetheless, final disposal, e.g. landfills or dumpsites, should not be thought
as the first resource, given EEE can, in many cases, be prepared for rewse atter repairs
or remodeling.

Betore 1990, EEE was disposed of as general waste, which corresponded o
dumpsites in most countries. In reality, e-waste is chemically and physically distinct
from other forms of municipal or industrial waste. [t contains both valuable and
hazardous materials that reguire special handling and recycling methods o avoid
crivironmental contamination and detrimental effects on human health. Recycling
can recover reusable components and base materials, especially copper (Cu) and
precious metals, However, due o lock of infrostructure, high labor costs, and
restrictive cnvironmental regulations, rich countries tend not o recycle waste
electrical and electrmonic equipment (WEEE) Instead, it is either landflbed, or
exporied from rich countries o poor countries, where it may be recycled using
primitive techniques and ignocing worker safety (Eobinson 20097,

Since the concept of resource conservation received considerable attention in the
1950, European governments managed WEEE by creating laws o impose respon-
sibility to manufacturers and importers {Fan ef al. 20013}, Two WEEE standard cat-
eporizations were created by the Buropean Padiament (Pacliament 2002}, the first
wias valid from 13th Avgust 2002 1o 14th Avgust 2018 a5 o transitional period, and
the latter from 15th August 2018 onward, However, the most cited and used in the
literature iz still the classification wsed in the ransition period, Bodh are listed in
Table 5.1 and are based on similar chacacteristics, collection, fundtion, and tech-
nology of EEE. Each category includes a whole set of examples and subcategories,
which sum up more than a thowsand appliances,

COwer the vears, the literature has been focusing on this categorization regarding
WEEE characterization and recycling. Therefore, a WEEE generic composition

Table 5.1 'WEEE categories according to the European Parliament.

Transitional pericd After 15th August 2018

1. Large houschold appliances 1. Temperature exchange equipment

2. Small hiusehold appliances 2. Bereens, mmniboes, and equipment

A IT and telecommunications equipment mnlnining SCTCETIS ha.'-'ing a surface

4, Consumer equipment and photoyvoltaie greater than 100em?
mnels 3. Lamps

5. Lighting equipment 4, Large cquipment (any extemal

6. Elecirical and ebectronic als {(with the dimension maore than 30 comi)
exception af large-scale siationary 5 Small eguipment (no external
industrial tools) dimension mase than 50cm)

7. Toys, lesure, and spoars equipment G, Semall IT amd telecommunication

8, Medical devices {with the exception of cquipment (no external dimension more
all implanted and infected producis) than 30¢em)

9. Muonitoring and contrd instromsenls
10, Automatic dispensers

Source; Based an Parkinment (200 20
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Table 5.2 WEEE generic material composition [%).

Composition |58}
Material Widmer &t aL [2005) De Messver et ol [2019)
Lrom (Fey'stee] 474 200
Capper (Cu) T 120
Aluminum (A1} 4.7 150
Minderrous L =
Godd {Au) - 005
Pallsdivum {Pd} —_ .ol
Total matal G 4700
Flame-retardant plastics 53 2204
Non-flame-retardants plastics 15.3
{ilass 54 —_—
Rubbser 04 —
Wiond and polymer 20 -
Ceramic 1] —
Primied circuit boards (PCR) £ | -
Otlver 4.4 —

Source: Based oo Widmer ot al. (2005

investigation is mostly avoided due to the difficulty in sampling and the wide range
of materials, which change constantly with the technology evolution. Widmer
et al. (2005) have reported a WEEE generic composition estimate and it is shoamn
in Table 5.2, This content emphasizes the massive presence of metals and plastics,
whose contributions are around three-quarters of the mass of every WEEE unit
generated. Ancther generic WEEE content is reported by de Meester et al, (2009},
which not only brings a simplistic view of materials but also reveals the dominant
presence of metals and plastics. However, when the imvestigations take into sccount
the individoal categorics mentioned carlier, the composition tends to vary consid-
crably, as seen in Figure 5.1 for six of them. As a result, Sections 5.2-5.7 explore
materials and chemical elements that constitute the most common WEEE.

5.2 Large Household Appliances (LHA)

Appliances in this WEEE category subgroup appear in the literamire quite often,
e.g. home laundry machines, ovens and microwaves, refrigerators, stoves, and air
treatment equipment, mostly in terms of volume generated. The most common
materials found in these appliances are metals like Fe, Cu, Al, and steel alloys,
diverse plastics and organic substances like rubber and fibers, glass and ceramics
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100

z

Content (%)
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Figure 5.1 WEEE content in percentage. LHA, Large heusehald appliances; SHA, small
household appliances; ITE, IT and telecommunication equipment; CE, consumer electronics;
EET, elactric and electronic taals; and TLS, toys, leiswe, and sport. Mote: TLS content
presented in the reference reaches values abowve 100%. Source: Adapted from Parajuly and
Wenzel (1017).

mixed with low amounts of metals in printed circuit board {PCBE), Figure 5.2 shows
some examples of large household appliance (LHAY and their content, in which
steel and plastics are dominant,

The composition of these LHA, alz called as white poods, varies considerably
from product o product, especially among different brands. In addition, the
“greener” or “eco-friendly” these applionces become, resource efficiency increases.

The critical materials are mainly found on PCB of this type of equipment, which

may contain on average 20 ppm Pd, 160 ppm silver (Ag), and 38 ppm Au (Eeuler
et al, 2003}

5.3 Small Household Appliance (SHA)

With no more than 50cm of size at any dimension, these appliances are the most
comimon in terms of quantity due o the variery of features, Design is also a major
factor influencing the zale of this category since consumers are often drawn into
appearances. In addition, many have been produced as “not intended to be durable™
items, leading to no reuse or upgrade.

By being small in size allows it to be easily disposed of in general municipal
landfills or dumpsites, as opposed to, for example, a washing machine due to size
and weight. Furthermore, the infrastructure worldwide that separately collects
small WEEE is inadequate, and there is significant lack of expertise related to its
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Flgure 5.1 M™ast common large housaheld appliances composition (%), ATE, alr treatment
equigmernt; OW, dishwasher, MW, micrawave oven, BA, refrigerator appliance; Wi, washing
machine; Other, dryars, food preparation appliance. (Goosey and Goosey 201%; Islam and
Huda 2020; Menlkpura et al. 2014; Qguchl et al. 2011; Reuter et al. 20131 Source: Adapted
fram Goasey and Gaasey (2019, lslam and Huda (20300, and Oguchi et al. (30113

collection and treatment, The variety, complexity, and cost of small household appli-
ance (SHA), along with low marker demand, frequently makes reuse and recycling
unwviable, mostly due to the hetersgeneous, compact, and difficuli-to-dismantle
products (Dimitrakakis et al, 2009,

Regarding composition, plastics assumse the majority of weight in percentage, fol-
Iowed by ferrous and nonferrous metals oz Table 5.3 expresses, Among plastics,
acrvlonitrile butadiens styvrene (AB3) and polypropylene (PP aceount for 75 wi% of
SHA, whereas polystyrene (P5) and pobyvinyl chloride { FPYC) sum up about 15wt
Crthers were found in smaller quantities, ¢.g. polyamide {PA ) and polycarbonate (PC)
[ Dimitrakakis et al. 2009).

Figure 5.3 shows a few examples of 5HA and their composition by weight. It is
obaerved that plastics and Fe dominate most of the cases, followed by Al and Cu.
Crther metals are contained in the PCE, but in small amounts.
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Table 5.3 Small household appliances genseric material composition in %.

Material composition k4 Material compasition E 3
Ferrsas metals £.54 Sreel and ferrows metals 50010
Nonferrous medals L Mix af plastic Ab.30
Tastics 40,70 Modors 7.10
Rubher (1.4 PCH A40
Cahbles 7.55 Cables 140
FCR 0.52 Alumimum 140
Electronke components 15.41 Others 340
Orthers 14.41

Source! Adapied from Biganzal er sl (2003) and Dimitrakakis et al, (20090

Conbant (%}
2 B £ 32 B 2 8 B B2

10

I
ek

Figure 5.3 Small heasehald appliances examples composition (%) POE, printed circuit
bzard Source: Adapted from Parajuly and Wenzel (20171

5.4 IT and Telecommunications Equipment

34.1 Computers and Notebooks

In general, computer equipment is assembled from more than 1000 materials,
citing chlorinated and brominated substances, metals, biologically active materials,
acids, and polymer additives. The production of semiconductors, PCH, hard disk
drives, and monitors uses particular toxic chemicals like dioxins, polychlorinated
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Flgure 5.4 Frecious and base computer parts metal content {gkg). Sowrce: Adapted from
Habib Al Razi (206),

biphenyls, cadmium (Cd), chromium (Cr), redioactive isotopes, and mercury
(Hgh.

In terms of mounting parts, a personal computer consists of three major units:
main machine (i.e. CPU, power supplier, fan, PCB, DVD-CD drive, hard disk,
casing, etc.), monitor, and keyboard. A mixiure of metals can be found in waste
compuiers, such as Cu, Fe, Al, lead (Ph), zinc (£n), nickel (Ni), tin (5n), and even
precious metals and rare-earth metals, as shown in Figure 5.4, Despite being small
in absolute weight, Au, Ag, and Pd can be concentrated in an expressive amount
when considering tons of this waste. In comparison, mineral ores that contain
these metals have a concentration, in percentage, 0000 of Au, 0,01 of Ag, and
0001 of Pd (Chagnes et al. 201a). In addition, a mixture of polymers, such as
polyethylene {FE), FP. polyurethane, and others, are also present. Computers also
contain ceramic materials, such as glass, and other inorganic and organic materials.
In terms of other valeable metals, Cu is concentrated in significant amount for
recycling purposes,

Table 5.4 shows the difference between desktop and notebook regarding the
main composition materials. While plastic is nearly absent in deskiop computer, in
notebook it represents more than a quarter of its weight. The opposite situation is
ohserved in relation to ferrous material given it accounts for approccimately half its
weight in deskiop computers.

54.21 Monitors and Screens

Telewvisions, PC monitors, laptops, tablets, surveillance systems, and other applica-
tions have monitors or screens constituted mainly of light-emitting diode (LED],
liquid-crystal display {LCDY), or cathode-ray tube (CRT) technologies, which contain

k|



B0 | 5 Mareriois Used i Electronic Equipment and Manufectaning Perspectives

Table 5.4 Matebook and deskiog compuler material content (%)

Cortent (%)
Materials Metebaak Desktop
Hastic 258 2.5
Ferrous maberial 195 47.2
Aluminum material 24 —
Copper cable and material LA¥ 9
Scurce: Adapied from Oguchi et al, (20010
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Figure 5.5 Content of most comman materials/metals in soreens technology and
appliances. Sounce: Adapted from Cucchiella et al (B015)

specific chemical elements to generate images. Although the evolution in technol-
ogy has originated successive replacements from CRT to LCD and from LT o LED
in monitors and TV, all three are present in waste flows.

Each of these technologies has been characterized, and variations in chemical
compositions have been observed in Figure 3.5, The CRT TV and monitor units are
mainly composed of different kinds of glass: panel glass {(strontivm - 5r/barium - Ba
oxides), funnel glass (leaded that covers the CET unit), and neck glass (highly leaded
that covers the electron gun) {Habib Al Bazi 2016). Figure 5.6 expresses each of these
three glasses’ composition. Aside from the glass, the CET units contain Fe/steel and
an expresgive amount of plastic, mostly dee o the tube-shaped set, which sums
up to approcdmately 17.5 and 1605 wi% in TV and monitors, respectively. The vari-
ety of polymers is reported to sum up to about 10 different types in CET monitors
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and televigsions, mostly ABS, polycarbonate blends (PCFABS), and PS {Wang and Xu
2004). The PCE and other components are reported to account for 8 and 13w,
respectively, for CRT monitors (Dias et al. 2018). 1t is also noticed that as the tech-
nology evolved (when flat screens were introduced ), lower amount of plastics as well
as less glass were used.

Indium (In}is the most important material present in LD screens regarding recy-
cling value. In addition, LCD screens contain other valuable materials (e.g. Cu, Au,
and Ag) located in the PCB. LED screens also add gallium (Ga), germanium (Ge),
and other rare metals to materials embedded into LCD, present in high concentra-
tions in small components (Cucchiella et al. 2015). The differences in the chemical
clement content from one technology to the other are mainly concentrated in critical
and hazardous metals. For example, from LCD to LED TV, the amount of cerium
(Ce) has decreased from 0.005 to <0001 gfunit; the same tendency was observed for
curcpium [ Eu), lanthanum {La}, prascodymium (Pr), terbium (Th), and yttrium ().
While CRT monitors and TV contain on average 464 and 1319 gfunit of Ph, respec-
tively, LCD and LED monitors reported 16 g/unit and zero, respectively (Cucchiclla
ct al. 2015} Cu content remains constant throughout technologies, which is inter-
csting from the point of view of recycling.

5.4.3 Mobile Phones (MP)

Subjected to continuous fechnological evolution and better services in even more
sophisticated devices, mobile phones (MPs) are a part of the lifestyle of increasing
numbers of people everywhere, leading to ohsolescence and new acquisitions
of smaller, lighter, or more modern ones. A 201& report estimated that B0% of
individuals cam a mobile phone in the developing world on average, and that this
figure can rise up o 95% in high-income countries (World Bank Group and Flagship
2006
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Materials contained in MP are variable based on the model and its manufacturer,
with no fixed design or list of contents applicable. For this reason, the sampling
characterizations may also be mizsleading since difterent/several substances might
be used as additives in very lowr quantities or treces by different manufacturers in
the production of microelectronic components, for example {Fontana et al. 2009).
Hoarever, & typical MP comprises PCH, battery, front and back cases, and a display
unit. Studies todate have focused on the characterization of metals within PCB, since
they have the highest metal concentrations and are relatively easy o dizassemble
compared to other components found in MP (Liw et al. 2019). Table 5.5 shows the
wieight average percentage of cach of these mentioned parts of a mobile phone, in
which plastics is the dominant material.

Figures 5.7 and 5.8 show metal contents reported by different authors, Both
upright graphs are the continuity of the main graphs but with smaller content scale.

Table 5.5 Awerage material parts [in wit%) of mabile phones,

Mobile phone parts Contont [we)
Flasiic materials i3
Batteries 24
Electronic parls 2%
Metal parts 11
Displays 9

Source; Hased aon Fontana e al, (2090
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Figure 5.7 Mobile phones content [ghg) Source: Adapted from Oguchi et al, (3011} and
Singh et al [201%).
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5.4.4 Printed Circuit Boards (PCB)

In spite of PCB not being an official category in the EU directive nor belonging
exclusively o IT equipment, they were given their own subchapter because of their
economic relevance, material diversity, and close relation with [T eguipment.

Projected for mechanical support and electrical connection 1o the various
electronic components, PCB are essential part of electronic equipment. Thermao-
plastic material and cpogy resin with flame retardants work as substrate, in which
laminated Cu-shects are ciched. The complex mixture of polymers {plastics),
silicates (%i-based), nonferrous and ferrous metals, with variable concentrations,
is a challenge for recycling. The PCE weight fraction in relation to the total device
varies from 2% for large electronic devices to 11% for laptop computers and up to
22% for mobile phones (lgildar et al, 2017,

Metal concentrations in PCB depend on the source, type of the board, manufac-
turer, and period of production, since manufcturing technigues, device-specific
board designs, and soldering technologices are the main factors of diversity in PCB.
Mevertheless, Cu is the predominant metal, varying in content from 15 o 35wi%
(lgildar et al. 217). As an estimate, PCE are generally made up of 40% metals
Cmainly Cuw, Ph, and Wi}, 3% organkc materials, and various inorganic oxides
Ceeramics) as a balance (Fietrelli et al, 2009} Other report summarizes PCR average
content as Table 5.6

The electronic components contain different metals of interest (asenic = As, In,
Ga, Ge, antimony - 3b, sclenium - 5e, 5i, tantalum - Ta, tellurivm - Te, titanium - Ti)
and are attached to the conductive substrate through leads typically made of Pb/5n
alloy (up to 4-6'% of the total weight) or occasionally of Au or Pd. Precious metals are

LE]
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Table 5.6 FCB typical averags conterl (%),

Materials Comtent %)
Fe, ML, 56, and Al 29

Cn 22=2T

Ag 0.2

An (LIEIR-{L 1055
Fiber plass £

Epaxy resin 15

Source: Based on Adie et al, (2017 )

az
- av

|
T
r-

‘ _ ;
Tama
o
I I gl 10|
ik

ELL

3 B e pEyeEEEE

Cantent (gika)

]
Cu S Sn A Pp Fe MW Zn A A Cd Cr Sb

Figure 5.9 PCB content in o/ton af different appliances. Sowrce: Adagted Tram Pietsell
et al. (201%9],

used as contact material in lead relays, switchers, or sensors. Mi is used in its pure
form and increasingly used in contacts as additive. Toxic metals, such as Pb, Cd, and
Hg, are known to ke present in the PCH of PCs (Pietrelli et al. 2001%).

Figure 5.9 shows a PCE content, in g/kg. of internet modems, computer moth-
erboards, and mobile phones. The "MIX” content is originated from unknown
sources, according to Fietrelli et al. (2019). The amount of Cu is expressive, as
expected, reaching nearly 300 g/kg, followed by other already-mentioned metals.
Pb content is significantly high in the "MIX" fraction regarding its hazardous
potential. Ag and Au have also occurred in significant amounts, nearly 1.7 g/'kg of
PCH. Figure 5,10 shows parts of a desktop computer PCB content, in which memory
medules concentrate the majority of Au, while Cu is spread over the different parts
of the board.
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5.5 Photovoltaic (PV) Panels

These EEE have besn recently spotlighted regarding recycling due to the fact that
the first significant volumes of photovoliaic (FY) panels installed are now being
dizcarded. Undergoing an evolution in technology, PV panels are nowadays classi-
fied in three generations: the first comprehends the monocrystalline or polverys-
talling silicon panels, which differ in the purity degree of 51 and, consequently, in the
efficiency of energy conversion, Second generation is an arrangement of thin films
deposited on a substrate (glass, stainless steel, efe.) with one or more layers. Different
materials can be used o produce the thin film, including amorphous silicon (a-5i),
cadmium telluride (CdTe), or copper indium gallivum selenide (CIGS). Finally, the
third generation includes emerging technologies such as concentrator photovoltaics
[CPWVs), dye-sensitized solar cells, organic cells, and hybrid cells (Padoan et al. 2009).

In terms of composition, crystalline silicon PV modules are made from the
following materials, in order of mass: glass, Al frame, ethylene vinyl acetate (EVA)
copolymer tmnsparent encapsulating layer, photovoltaic cells, installation box,
Tedlar® protective fodl, and assembly bolis (Dios et al, 2007) Although Cucchiella
et al, (2015} had not specified which tvpe of PV panel was analyeed, the reported
amount of each par, in grams/unil, is shown in Table 5.7,

The metals found by different authors in PV panels are shown in Figure 5,11 Their
reports summed up 14 metals, according to the specific thin films used in layvers, The
evident discrepancy between the same metal contenis reported by different authors
cin be justified due to the fact that each author considers one or another fraction of
the panel, such as Al frame, metal contacts, and junction box {Padoan et al. 2009].
Such fractions may or may not be included in the characterized material. [n addi-
tiom, it is known that the photovoltaic market is extremely heterogeneous, and the
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Table 5.7 PV panel content in giunit

Metals/materials Content (gfunit) Ietals/materials Content (gfunit)
Al 1370 an 0120

s ] G wis

Cu Th e 0119

Cd 0.407 In wim

Te 0406 Glass G915

Zn (1,404} Plastics 1172

Mo 0.295

Source: Based an Cucchiella et al. (3015).

evolution of the PV technology moves toward decreasing the panel metal content,
for example silver (VIMA 2019,

5.6 Lighting Equipment

Since 2000, LED have become affordable enough for peneral lighting and, 25 o result,
these are expected o replace fluorescent lamps (FLs) and become the dominant
lighting technology {Chu and Suh 2019}, However, FLs have siill remained as the
majority of lighting source in the recycling streams Table 5.8 shows the main com-
ponents found in FL lighting equipment and lamps, in which phosphorous powder
i5 the major inferest material due 1o the rare-earth elements contained therein, such
as Eu, La, Ce, and ¥ (Figure 5.12), The replacement for LED lamps, which are more
efficlent and mercury-free, s not fully completed yvet due to higher costs, LEDY lamps
use alzo REE, making them possible targets for urban mining as well, The content of
rare earths in LED is, however, lower when compared to FL, as Figure 5.1 3 expresses.
The content of ¥ in LED used for background ilumination in TV was reported to be
4.9 mg metal/display in conirast to 110 mg metal /display of cold cathode fluorescent
lamps (CCFLs). For Eu the content is (.09 and 8.1 mg metal/display, respectively
{Tunsu et al. 2005).

5.7 Toys, Leisure, and Sport

Since the introduction of integrated circuits, toys have undergone a high degree
of innovation and addition of technological features. A few examples include puz-
zles, board games, dolls, or sound and light toys that allow interaction with kids
unimagined earlier, as well as educational toys. However, this integration has not
been taking into account the reuse and end-of-life perspective. As for the majority
of small WEEE, they have been produced as “disposable” items, not having been
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et al, 2017), Sowce: Adapted fraom Chai and Fthenakis (2014), Fthenakis and Wang (F004),

Jung et al {3018}, and Pagnanelll et al. (2014}

Table 5.8 Companents of lighting equipment {wis).

Companents Content jwid)
Al 4.0
{lass A0
Phasphars: powder &
Ferrous material 54
Oithwer 0

Source: Based on Biganzoi et al. (3015).
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Figure 5.12 Rare-garth
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Figure 513 Rare-carth axides content (in g/unit) acceading 1o lighting type. CFL, compact
fluorescent lamgp; LFL (TS}, linear fluorescent lamp 58 in. diameter; LFL T8, linear
fluorescant Llamg 8/8 In. diameter; LED, light-emitting diode. Sowrce: Adapted from Qlu and
Suh (2019,

manufactured with upgradeability and rcuse in mind {Pérez-Belis ot al. 2003} This
category, however, represented as little as 0.1 wi'% of the arising WEEE in the EU in
2005 { Goosey and Goosey 219,

Itis found that electronic componenis (PCB, wiring, switches, loudspeakers, LED,
ete.) respond for 12.07 wi'h, whereas plastic, ferrous metals, nonferrous metals, and
other materials {rubber, textiles, and others) summed 37.92wt%. Polymers such
as P5, PP, and ABS are commonly found in toys. The weight of each category is
shown in Table 5.9, A few other metals, such as Cr, As, Cd, Pb, and Hg. are found
in some plastics parts, but guantities are within the limits established in restriction
on hazardous substances (KoHSs) Directive (Pérez-Belis et al. 2013), which is
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Table 5.9  Toys conitent in weight %.

Materials Content (%)  Materials  Content (%)
Ferrous il Plasrics

MNonferrmous 1,15 ARS 11.85
Rubber 1.87 Fr 16.50
Textile 205 Ps 47,52
Others 11.27 TE 31

Source: Based oo Pérex-Belis et al (3013).

responsible for restricting and setting the maximum amount of substances allowed
in EEE. Toys and tools have also ranked among the most frequent brominated
equipment, where more than 7 of eguipment were found to contain the halogen
{Hennebert 2017).

5.8 Future Trends in WEEE - Manufacturing, Design,
and Demand

The global production of e-waste will change as economies grow and new tech-
nologies are developed; however, the concern with supply and demand of specific
chemical elements and compounds, in recent vears, has emerged as an issue. For
instance, rare-earth metals, platinum group metals, Ga, niobium (MB), Ta, In are
listed as critical hi-tech metals by the UsA, EU, Japan, and China, mostly due to
an estimate that suggests, for example, that the use of LEDY in background lighting
and in general will increase the demand for Ga 12 times by 2050 (Ueberschaar et al.
201 7). The majority of these metals are usually produced as by-products of basic
metals and will probably face scarcity of reserves in the near future. In addition,
the case of rare earths demands special handling, since their minerals contain also
radinactive elements.

The most prominent technology, that is pulling global demand for rare earths, is
permanent magnets. Meodymium-iron-boron (MdFeB) magnets are the strongest
permanent magnets commercially available today. They are used in a wide variety
of applications, such as direct drive wind turbines, eleciric and hybrid vehicles,
and are a key component of the transition toward a low-carbon energy economy
(Kollat et al. 2016} Because of their unique physical, chemical, magnetic, lumi-
nescent properties, rare-earth elements are responsible for many technological
advances, such as greater efficiency (performing at reduced energy consump-
tion), miniaturization, speed, durability, and thermal stability. In recent years,
their demand is particularly on rise in energy-efficient gadgets, which are faster,
lighter, smaller, and more efficient. These technologies even assist in making
analytical instruments smaller and more efficient {Balaram 201%). Currently
{20201y, few substitutes for rare earth-based materials are commercially available.

LE]
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In contrast to research on substitutes, research on ways of reducing rare-carth
dependence has yielded more promising results. Governments and manufacturers
are scarching ways of diminishing or awvoiding the need for rare carths (Smith
Stegen 2015).

A new technology in TV, called QLED, is entering markets and being recognized as
koy materials for the next generation in displays due to flexible and ultra-high defini-
tion chamcteristics, and tor color-contrallable and healthy solid-state lighting. The
QLED display consisis of ITO anodes, lithivm-doped aluminum (LizAlAu cath-
odes, and CTLs with a QD layer, which are sandwiched beteeen the anode and the
cathode (Kim et al. 2007}

An evaluation regarding PCE of TV from 1980 to 2005 reporis 8 content decrease
in Cu, which varied between 5.0 wit% in 1980 and 12.8wt% in the mid-1990s and
decreased alterwards in PCB of newer model TV, Ag content also shows a decreasing
tremd, while Au composition seems o Quctuate within years, The main reason is
due o thinner metal lavers in new products with improved technologies and mone
compact designs (Adie et al, 20170

Alongside, the concept of eco-design i getting more attention worldwide, since
it supporis the innovation of sustainable products. The practice focuses on mini-
mizing material consumption and extending the lifespan of materalz, Al the same
time, there is interest in developing new polymers for EEE that are not derived
from petrochemical-based precursors, e.p, biodegradable polbymer such oz polylactic
aeid (PLA Y This ides of designing with the end of Life in mind (eco-design, design for
disassembly, and others) has gained thrust especially dus o the implementation of
producer responsibility legislation such oz the WEEE and RoHS Directives, since the
manufacturers con reduce their lability at the end of o product lifespan by investing
in its beginning (Goosey and Goosey 2014). A bamboo case used by Asus, recycled
parts embodied by Dell, and As- and Hg-free in displays by Apple are a few examples
of eco-design applied by IT manufacturers

A report suggests that product eco-design, which uses tools like “Product Data
Management (FDM) decisions” and “Design for X.,” is better in terms of product
optimal recovery strategy than recovery process technologies, like X-ray equipment
that assesses the material composition and posi-shredder Separation Technology.

Thiz means that the EU policy to make original equipment manufaciurer primar-

ily responsible for recovery, as implemented by the WEEE [Mrective, is appropriate,
but more incentives are needed to reward product eco-design. From a recovery value
standpoint, remanufacturing should be the prime recovery strategy, bul it requires
a high quality of returns. Moreover, the cost of misclassification can be high, so
that for remanufaciuring a FIXM with reliable return quality information is needed
[Zuidwijk and Krikke 2008]).

Despite the benefits of eco-design, assembly for disassembly and others, EEE
manufacturers from outside EU, where nonrestricted or even nonexistent envi-
ronmental laws are applied, tend not to follow discretions in relation o their
manufacturing processes. In most cases, singularities and specific designs are
obstacles to the end-of-life WEEE that could be reused, remodeled, or easier to be

recycled.
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6.1 Introduction

Electronic waste has been g growing concern around the world. The amount of
c-wuste generated has been growing at a rate of 3-4% and is expected to reach
120 million tonnes by 2050, With the development of new technologics, especially
in laptops, cellphones, and tablets, older technologices are petting obsolete, reducing
the litespan of electrical and electronics produects and thus contributing to a higher
rute of wasie generation. These staggering facts should be considered as an essential
imcentive for e-waste recveling, If this waste is recycled corvectly, it could offer an
opportunity for urban mining for the recovery of copper, gold, silver, palladium,
and other metals with an estimated value of 55 billion euros The concentration of
medals in ewaste is also significantly higher than the natueal ores,

Various routes are currently being implemented fo recover metals from the ewaste
siream, The recyeling methods for ewaste could be broadly categorized into two
sections, preprocessing and end processing (Namias 2013} The preprocessing stage,
also known as mechanical recycling, has gained popularity due to s relatively low
operating cost. [t also recovers the metallic fraction without destroying the nonmetal
fraction, which, in murn, helps to promote the recycling of nonmetal fraction and
the circular econoty (Ming et al. 200 7). The physical methods recover the metallic
fraction and thus reduce the overall mass (o be transported or processed subse-
quently and are less energy-intensive usually. On the other hand, it requires proper
dust control units if processed dey or proper water recvelingTreatment svstems if
processed wet

The preprocessing technigues deal with physical separation methods focused on
separating metals from the nonmetals and thus reduce the amount to be processed
in subsequent energy-intensive and costly stages. The end processing uses the metal
concenirate obtained from the preprocessing stage and methods such as pyrometal-
lurgy, hydrometallurgy, and biometallurgy to produce high-purity metals.

Elevironic Waste: Bropeling ard Beprovessiag Jor o Sustoinebie Future, Fist Edilion.
Edited by Mara E Holuszkno, Amit Eumar, and Denise C. B. Espinosa.
2022 WILEY-VCH GmibH. Published 2022 by WILEY-VCH GmbH.
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bechanical recycling of waste printed circuit boards (PCEs) is usually based
on density scparation, magnetic scparation, or electrostatic separation. The lib-
cration of metal and nonmetals is achicved by using & combination of shredders
(coarse crushing), hammer mills, and knife/cutting mills {fine crushing) (Bizzo
ct al. 2004; Ghosh et al. 2005 Mou et al. 2004; Opunniyi et al. 30089; Otsuki
ct al. 201%; Yeit et al. 2006; Wen ¢t al. 3005a; Zhang and Forssberg 1999). After
the zize meduction, the liberated waste is processed using physical separation
methods.

This chapter provides the details of the preprocessing processes used in e-waste
recycling. The preprocessing step majorly deals with the disassembly, size reduction,
and physical sepacation of various components such as metals, glass, and plastics
from the e-waste.

6.2 Dismantling

The dismantling process is mostly a manuval disassembly process to remove the
hazardous materials out of the e-waste before recycling. The substances removed
during dismantling include (Kaya Z015],

» Inks and toners from priniers

o Cathode-ray front panels from cathode tube ray (CRT) screens

& Batteries from lapiops

& Degassing of chlomfluorecarbons (CFC) hydrofluorocarbons  (HFC), and
hydrochloroflusrocarbons (HOFC)

» Coolants from refrigerators

« Mercury-containing switchers and PCH capacitors

&« Removal of compressor and desiling

This stage is also vsed o reduce cross-contamination and o segrepate different
streams such as plastics, steel, aluminum, copper, and printed circuit boards
[Abdelbasir e al, 2018}, Automatic and semiautomatic dismantling systems use has
increased in recent years; however, manual dismantling i sl the most widely used
[Hsu et al, 2019), Eobodic systems such as Linm and Daisy have been developed
by Apple Ine, for dismantling iPhones that can process several cellphones at once,
These automatic svstems reduce the dsk of worker safety and increase the capacity
and processing speed for the processing plant, The dismantled streams are sent
o the individual processor for the subsequent stage involving size reduction and
merl recovery,

Dismantling helps o improve the quality of streams/producis for subsequent
steps, has low investment, and reduces/eliminates the dust issue. However, it
is harder o dismantle new sophisticated fechnologies, is time consuming, and
increases the risk for worker safety. [0 also is a significant cost concern, especially in
high-labor-cost economies.



akf ComminupianSize Beducrion
6.3 Comminution/Size Reduction

Similar to the mining industry, the comminution step involves reducing the particle
size to increase liberation and provide proper particle size for subsequent
processing/enrichment. The size reduction in e-waste recycling is achieved by using
shredders and hammer mills. The particle breakage is achieved by impact and shear
forces (Schubert and Hoberg 1997). Recently, high-voltage pulse fragmentation has
alsn gained attention for size reduction as it reduces the dust issue and provides
liberation at & coamser size {Duan ef al. 2015).

The comminution unit increases the overall plant throughput and reduces the
volume for materials to be transported for subsequent process. The signiticant
drewbacks of the comminution process are the peneration of dust and loss of
vialuable metals with the dust and decreased grade/cross-contamination of streams
if performed without prior dismantling,

6.3.1 Shredders

Shredders are the first stage of the size reduction process in e-waste recycling,
A shredder wtilizes sharp cutting blades mounted on a rotating shalt powered
by high-power electric motor for cutting matedals into smaller pieces, I relies
on shear cutting and fearing forces provided in the form of Iow-speed and
high-torque operation, The two main parts of shredders are the rotating shaft
and the cutting knives, A shredder can be mounted with single, double, or four
heavy-duty rotating shafts depending on the reguirement of the operation. The
additional shafis provide second-stage size reduction and can further reduce
the particle size by increasing the cutting action at a given time (Ekman 2013
The shafts rotate counterclockwise, and the knives mounted on the shafi provide
the required shear forces on the material trapped between the knives (Fitzgerald
2009} The knife design depends on the application, Heaw-duty shredders used
for cutting cars and metals reguire thicker and smaller knives. The number of
knives dictates the operation of the shredder, More knives not only increase the
probability of shredding actions, but also increase the chances of materials to keep
bouncing on the surface of the shredder and sometimes clogging the equipment
(Ekman 2008

The rational speed of industrial shredders ranges from 10 to 30 EPM and can
process up to 150t of materials per hour; however, the throughput capacity changes
widely depending on the application (Fitzgerald 2004). The energy consumplion
ranges from 3 o 11 kWh't depending on the feed rate and feed properties. A
low-power shredder from UMTHA shredding technology has a single shaft (LES20)
powered by an 11 kW motor rotating at o speed of 85 RPFM, whereas a bao-zshaft
shredder {5120} from the same manufacturer (high torque shredder) has 88 KW
drive powrer and a rotational speed of 10-25 RPM {(UNTHA Shredding Technology
2008}

&7
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Figure 6.1 Cross-section af &
typical hammer mill. Source: Wills
and Finch [2016a)

6.3.2 Hammer Mills

A hammer mill is wsually installed after the shredder o reduce the pacticle size of
the shredded product for subsegquent processes, It uses a high-speed hammer head
mounted on o rotating shalt o provide high-impact forces o feed particles o pro-
duce smaller particles (Fitsgerald 2009), The particles are impacted by the ndating
hammer heads and subsequently by the grid plates for size reduction. Due o high
rotational speed, the hammer head also gets severely damaged in the presence of
steel and irom, A cross-belt electromagnet is preferably wsed before feeding the ham-
mer mills The hammer mill is alzo lined with o sereen at the product end; hence,
particles larger than the screen size are retained and undergo multiple impacis.
The hammer head is vsually manufoctured using manganese steel or cast iron with
chromium corbide, Figure 6.1 shows the cross-section of & tvpical hammer mill,

The size reduction in the hammer mill allows particles o achieve proper liberation
for subsequent sepacation processes, These mills hove low cost and high production
capacity, The heavy-duty Wa-36-H-E-Cyele hammer mill from Schutte is equipped
with 100 hp. motor and could process at a unit throughput of 455-1360kg'h
depending on the application (SCHUTTE Hammer Mill 2019,

6.3.3 High-Voltage Fragmentation

High-voltage pulse fragmentation is a relatively new technology that has been
developed to utilize electrical energy to break the rocksfore at the grain boundary
The primary benefit of this technology is its higher selectivity. The electrical
fragmentation uses fast pulse rise time (<1 ps) and higher voltages (=90kV) to
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Figure 6.2 SELFRAG lab. Source:
Cowrtesy; SELFRAG (301 23

dizcharge into o solid material, causing an “explosion” within, The higher selectivity
of this technology comes from different electrical properties of different materials,
Field distortions caused by adjacent minerals with different dielectnc constants
provide the fastest route to ground for the discharge (Wiclen ct al. Van Der Wiclen
ctal, 2004}

A comparison of ores crushed using SELFRAG (a high-voltage pulse fragmenta-
tion technology, shown in Figure 6.2) and ground vsing comventional methods at
same specific energy showed that the pulse technology penerates less fines and a
significantly higher proportion of >95% liberated minerals in coarser size fraction
(Wielen et al. Van Der Wielen et al. 2014), 5hi et al. (2014) showed that an energy
reduction of 3kWh't was achieved while simulating a grinding circuit with this
technology.

SELFRAG {2012} showed that metals from e-waste could be separated without fine
grinding as proper liberation is achieved during the fragmentation process, Since it
utilizes a water as a process medium, the loss-to-hnes is depressed, and a coarser
liberation size also improves the recovery of the subsequent processes. Duan et al.
(3015 ) showed that ~98% of the copper pets liberated and concentrated in the -2 mm
size when a printed circuit board was processed through the SELFREAG lab at 400
pulses.

9
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&l i)
Figure 6.3  (a) GRINDOMIX GM 300 knife mill [b) Cryalill, Source: Caurtesy: Retsch
6.3.4 Knife Mills

KEnife mill is a bow-volume cutting mill mostly wsed in the laboratory envimnment
o create a fme powder, The material is fed o the culting chamber fted with
sharp blades rotated by a high-speed motor, It s mostly used for grinding plastic
and fibrous materialz, Figure 6.3a shows the Retsch GEINDOMIX GM 300 knife
mill, The modor capacity for this unit peaks at 3 kW, and it is capable of grinding
materials from 130 mm to <3 pm. The grinding chamber has a capacity of 4.51
and can be used dry or wet depending on the requirement.

6.3.5 Cryogrinding

Cryogrinding technology is another process for size reduction, especially suitable for
a laboratory environment. The material is frozen at low tempertures using liguid
nitrogen or liguid carbon dioxide, which induces the britthe nature in the sample.
The sample is then placed in the grinding chamber, which is cooled by circulating
liguid mitrogen continuously, The size reduction is mosty achisved by impact forces,
The low temperature provided by liquid nitrogen suppresses the recrysiallization of
particles and thus leads to a finer particle size while reducing the contamination
issues. Figure 6.3b shows the Retsch cryomill that can handle 20ml materials and
can reduce particle size from 8 mm o 5 pm. In a study, Zhow et al. (2016) showed
that the cooling of the printed circuit board could help to reduce the cnergy expen-
diture during the comminution process, and the required liberation could quickly be
achieved if the circuit boards are cooled at =30°C for fve minutes, This step makes
the boards stiff and brictle, rendecing them easier o crush,

6.4 Particle 5ize Analysis

The particle size plays an essential role in the processing of cowaste or ore. All
cguipment has an optimum particle size for its efficient functionality. Guo et al.
(2011} and Ventura et al. {2018} have shown that metals wsoally get enriched in
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sizes below L25mm and 1.Ymm, respectively, in crushed waste circuit boards
with the highest concentration in the finest fraction, whereas Duan et al. {2015)
have suggested that all metals could achieve nearly complete liberation in —1 mm
size fraction, Many researchers have sugpested o low separation efficiency of the
mechanical process for =75 pm particles (Zhoo et al. 2012)

Particle size analysis could be conducted using mechanical screens for coarse
particles (up o 38pm) or laser-based sizing for fine particles (below 500 pm).
Depending on the particle size, screening can be performed either dry or wet
The efficiency of dry screening decreases with particle size, and wet screening is
preferred for fine particles. The particle size of a sample is most widely defined
by its 80% or 50% cumulative passing sizes (D, or D), the screen size at which
B0% or 3% of the total mass would pass through the screen. The Dy, or Dy, for a
sample is obained using sieve analysis where a given sample mass is ploced on
a stack of consecutive screens and shaken for 10-20minuies to allow the particle
b segregate based on sizes, The sample retained on each screen is then weighed
to determine cumulative passing at each screen size and can be plotied, as shown
in Figure 6.4, The Dy, or Dy, s obtained by interpolating the screen size and
cumulative passing data.

The particle size distributions can also be represented wsing cumulative dis-
tribution functions such as Gaudin-Schuhmann equation for fine particles or
Rosin-Rammler distribution for coarse particles. Rosin-Rammler distribution has
shown a pood ht for waste printed circuit boards, shredded electronics products,
and sedicl waste (Quan et al, 2012; Sun et al. 2015, Vesilind 19303,

X

Gaudin-Schuhmann eguation: FIX) = {}1_" j

Rosin-Kammler eguation: F{X) =1- g'{f’}
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Figure 6.5 An example of a dlosed-circuit comminution circuit,

Where Fix) is cumulative percent passing at size X, X is the particle size,
X' is size modulus defining the theoretical maximum particle size, and n is
distribution modulus defining the spread of the distribution (small # represonts
wide distribution),

6.5 Size Separation/Classification

Size separation is a crucial stage in processing and is used for two main reasons,

& Provide the oplimum size range particles 1o specific downstream equipment
« Maintain a specific top size from the comminution circuit

A typical Mowsheet for o comminution circuil is shown in Figure 6,5, 11 shows
that the hammer mill is in the closed circuit with the first screen 1o provide a fixed
top size 1o the subsequent process. Screen 2 |s used to provide an optimum particle
shze range to individual separators. The tan maln sizing processes, namely screening
and classification (hydrocyclones or air cyclones), could be used for size separation
(Menad 2014,

8.5.1 Screening

screening is the most commonly used process o separate particles by size o pro-
vide an optimum size range for the subsequent process o increase their process
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cfficicncy. In the case of close circuit comminution, it is used o provent oversized
materials from passing to the next stage. This process is mostly used for coarse appli-
cations {up o 1 mm}, and the screening efficiency reduces with the reduction in
particle size.

The most commonly used screens are the vibmtory screens with perforated decks.
These screens can be used as single, double, or triple deck depending on the pro-
cess regquirement. The decks have opening holes, and the diameter of these holes
depends on the particle cut size, The particle larger than the opening size roports
to the oversize, which could be recirculated back to the hammer mill. The parti-
cle smaller than the opening size would pass through the screen and report to the
undersize, which is sent to the subsegquent process, The perforated screen deck could
b made of woven wire, polyurethane, rubber, or stainless steel depending on the
properties of the materials being processed,

The efficiency of sereens is estimated vsing the recovery of a particle at a given
size, and amount of misplaced particles (fine particles reporting o the oversize) and
can be caloulated wsing the following equation,

2 I;.lrx —ﬂ,b
Yl -00

Where R, is the cfficiency of undersize recovery and f, and O, are fractions of
material smaller than the cut size in feed and oversize,

The efficiency of sereening depends on several machine and operating parameters
as well as feed material properties. Some of these fctors are:

R = 100

« Feed rate: inversely proportional

& Screen angle: inversely proportional

« Particle shape: inversely proportional to cxireme particle shapes
« Dpening arca: inversely proportional

# Vibration: excessive vibration would reduce scroening efficiency
« Muoisture: inversely proportional

The size (length and width} of the screen required could be estimated using Vibrat-
ing Screen Manufacturers Association (W5MA) equation for screening surface area
calculation or Metso equation and is shown in the equation below (Olsen and Carnes
A01Ak

us

Soreen are (A = e B CRDREXFXOXH%]

Where U is undersize tonnes per hour, 5 is safety factor, A is basic capacity factor, B
is oversize percentage factor, C is half-size factor, [ is deck location factor, E is wet
screening factor, F is bulk density factor, G is screen surface open area factor, H is
opening shape factor, and J is screen efficiency factor.

Omce the required area is estimated, the screen would be selected based on the
screen information available from different vendors.
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6.5.2 Classification

Classification is o size separation process bosed on the particle behovior in a fuid
such a8 air or water, The process is suitable for fine particles (<1 mm) and mostly
used in the final stage of comminution oz a size control device before beneficiation.

The classification process depends on the forces scting on a pacticle in o fuid, The
ned resultant force on the particle dictates the movement of the particle, To achieve
proper size clasification, the direction of the net resulting force should be differ-
enl for coarse and fine particles, The forces acting on the particle in the fQuid are
gravitational force, drag force, and centrifugal force, Depending on the solid density
(amount of solids in the slurry by weight), the particle-settling behavior in the fuwid
can be defined as free settling or hindered settling, If pacticles of the same density
are placed in g water medium, the coarser particls moves faster than finer particles,
thus achieving separation, The classfication unils can be classified as gravitational
or centrifugal depending on the forces acting on the particles,

6.5.2.1 Centrifugal Classifier

The most widely used cenirifugal classifier in the processing industry is hydrocy-
clone. These are robust and relatively efficient size separators. The schematic of a
hydrocyclone is shown in Figure 6.6. A hydrocyclone consists of a feed inlet, an
apex/spigot (underflow discharge), a vortex finder (overflow discharge), and a cylin-
droconical body. The slurry is tangentially fed through the feed inlet under pressure
and high velocity. The tangential feed inlet provides the rotational motion to the
slurry that helps to create opposing forces, centrifugal force, and drag force. The
high centrifugal force on the coarse particle moves it toward the outside wall, where
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it spirals downwards and reports to the underflow through apex/spigot The finer
particles remain in the center and maove upward with the secondary vortex and then
cxit a5 overtlow through the vortex finder. The cyclone diameter could vary trom
13 mm i 900 mm depending on the requirement and could be used for classification
diram to 20 pm or sometimes lower.

The cut point of the hydrocyclone is the size that has an egual probability of
reporting in underflow or overflow stream. The cut size for a hydrocyclone depends
an the cyclone diameter and flow rate. The cut size increases with the cyclone
diameter bui decreases with flow rate. The efficiency of the cyclone is quantified
using partition curves, which defines the percentage of a size fraction in the feed
reporting @ underflow. Ideally, the particles larger than cut size should report to
underflow, whereas particles smaller than the cut size should report @0 overfloar
However, in real operations, some particles are abamys misplaced. Some coarse
particles that did nod have sufficient opporunity o0 move o the underflow would
report o overflow as short circuit, whereas some fine particles could become
trapped among coarse particles and would report @0 the underflow as entrainment.
The efficiency of separation is estimated using the following equation,

7y — s
2 mdy

Where d,,, dy,. and d,, are particle sizes at the partition value of 0.75, (L50, and (.25,
For the ideal scenario, imperfection would be 0.

Another criterion for cyclone performance is the amount of water in the under-
flow: Im the ideal scenario, no water should report to underflow; however, the water
content of <30% in underflow is considered to be good.

Imperfection (f) =

6.5.2.2 Gravitational Classifiers

Gravitational classifiers are simple and low-energy consuming classifiers that work
on particle settling by gravity. The rake and spiral classifiers are the most common
examples of gravitational classifiers. It comprises a tank with an inclined surface
and a system o move seitled material in an upwards modion. The coarse particles
are settled due to their weight and get continuously extracted with the help of a
mechanical device (Dunne 201%; Zhou et al. 2012).

In the case of spiral classifiers, one or tao screws move the settled materials
upward, whereas, in rake classifiers, an array of tines is uwsed to separate the
coarser material from the finer ones, as shown in Figure 6.7, The fine particles stay
suspended in water and get discharged by overfilling the tank.

Some other gravitational classifiers are hydraulic classifiers such as Linatex,
Reflux, Crossflow, Allux, and Floatex classifiers. These devices use gravity for
separating coarse particles from fine particles instead of a mechanical system. The
coarse particles form a bed at the bottom of the classifiers, and the fine particles
are moved upward with water injection through a perforated botiom plate that
moves fine particles to the overflow launder. The coarse particles are discharged
through the lower part of the tank as thick pulp {Luttrell et al. 3s; Mankosa
etal. A9
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Figure 6.7 Mechanical size classification equipment: (&) spiral; and (b) rake. Sowce: Wills
and Finch (20 éb).

6.6 Magnetic Separation

Maognetic separation has besn utilized o remove the ferromagnetic elements,
iron and nickel, and other iron scraps, It uses the difference in particls behavior
in o magnetic Geld for sepacation, All particles can be clossified as diamagnetic,
paramagnetic, and ferromagnetic, depending on their magnetic properties,

Diamagnetic particles such as copper, gold silver, plastic, fibers are repelled from
the magnetic field lines and would report to the nonmagnetic tailings bin. The
paramagnetic particles such as platinum, manganese, tungsten are attracted to
the magnetic field lines and would report to the magnetic concentrate bin during
separation. The ferromagnetic particles such as iron, cobalt, and nickel are a special
case of paramagnetic behavior where the particle retains magnetic property even
after the removal of magnetic field lines. These particles would also report to the
magnetic concentrate bin during separation.

A magnetic separator consists of a permanent magnet or electromagnet to gen-
crate the magnetic field and a conveyor to move particle over the ficld lines, The
tvpes of magnetic separators can broadly be classified into low- and high-intensity
magnetic separators depending on their magnetic field intensity,

6.6.1 Low-Intensity Magnetic Separators

Lerar-intensity magnetic separators are used to separate ferromagnetic materials such
s iron and nickel from the crushed cowaste. The magnetic field intensity used is
<0.3T, which is sufficicnt to take sdvantage of the high magnetic susceptibility of
iron particles, The primary utilization of the low-intensity separator is in the form
of cross-belt separators located over the conveyor, Tt is widely used o remaove the
coarse magnetic iron particles before the materals are fed to the hammer mills,
Another major type o the low-intensity separator is the care-earth roll separator
used in dey applications, The feed s moved using a comveyvor, and a rare-earth mag-
netic roll is installed at one discharge end of the conveyor. The magnetic particles
are attracted 1o the roll, move with the belt, and get discharged into the magnetic
hins, whereas the nonmagnetic particles fly away from the belt due to the centrifugal
forces from the rofating rolls and fall in the nonmagnetic bin as shown in Figure 6.8
(Wills and Finch 2016c). The roll speed, feed rate, field strength, and particle size



G Mogmetic Separanian

Faad L
gl

%- J

L 2
& @
N
.,
o % Magrefic paricios
L]
[ B Midding parlicls

# Monmagnalic paricies

Figure 6.8 Rare-easth roll dry low-intensity magnetic separator, Source: Miceli et al,
(2017}

are the major factors affecting the separation. In the case of wet applications, drum
separators are the most widely used. It consists of 4 nonmagnetic drum fitted with
magnets that rotate in a pool of slurry. The magnetic particles get pinned with the
drum and lifted to the concentrate bin, whereas the nonmagnetic particles move
with the slurry and get discharged into the tailings (Haldar 2018]).

6.6.2 High-Intensity Magnetic Separators

These types of magnetic separators are useful for the separation of weakly magnetic
particles (paramagnetic materials). The magnetic field could be generated using
rare-earth alloy magnets or electromagnetic coils and s more useful for fine
particles and low iron-containing materials.

The induced roll separator is one of the most common dry high-intensity magnetic
separators where the material is fed directly on the rotating roll. The magnetic mate-
rials get pinned with the roll, whereas the nonmagnetic materials fly off the roll due
to the centrifugal forces induced due o the roll rotation (Figure 6.9), Magnetic ficld
sirength up 0 2 T could be achicved with this separator. Particle size and fecd rate
are the major factors tor particle scparation.

Wet high-intensity magnetic separators have successfully been used for fine
hematite ores to produce iron ore concentrates and can be wsed for ulime-
fime particles too, Other mognetic separators such as high-gradient separators
and superconducting separaiors are used for particles of very Iow mognetic
susceptibility

Yoo et al, (2008} used magnetic separation o recover 83% of iron and nickel as
magnetic concentrate from shredder printed circuit boards, Velt et al. {2005) showed
that a high iron and nickel concentration in the magnetic concentrate for printed
circuit boards and electronic component scrap could be achieved at a low magnetic
field strength of 0L65T.

The iron concentration in the magnetic materials was increased to 41% compared
to 27% in the feed with 89% iron recovery for fine (—(0u6 mm) e-waste powder in a
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study conducted by Lee and Mishra (2008) In another study, up to B9 nickel and
9E% Iron were recoverad for relatively coarse (+0.5mm) circuit board particles at
0.1 and 0BT field strength (Fujita et al. 2014). Recently, Zhu et al. {3030 wsed a
wel low-intensity magnetic separator for fine waste printed circuit board particles
(—L5mm) to recover iron particles and suggested that magnetic separation is an
effective method to recover high-grade magnetic particles.

6.7 Electrical Separation

Electrical separation is one of the most used techniques to recycle metals such as
copper from nonmetals such as plastic and fibers. It uses the differences in electrical
conductivity among various materials present in e-waste. One of the significant chal-
lenges with the process is its limitation to dry feed. For most efficient operation, the
feed should be in monolayer, which also restricts its throughput. The separator needs
to charge the particles to use the conductivity differences selectively. There are three
main mechanisms of particle charging, ion bombardment {corona electrostatic),
frictional charging (triboelectric), and eddy current. Corona electrostatic separation
has been proven useful to separate metals from nonmetal streams in dry environ-
ment, whereas eddy current separation has been successfully utilized to extract
aluminum from the nonferrous metal stream {Abdelbasir et al. 2018; Bizzo ef al.
2014; Burat and Ozer 201%; Das et al. 20049; Duan et al. 2009; Hsu et al. 2019; Kasper
et al. 2005, Kaya 2016, 2008; Menad 2016; Veit et al. 2004).

6.7.1 Corona Electrostatic Separation

Corona separator uses ion bombardment as the method for particle charging. The
charging process uses high voltage between two electrodes that ionize the gases near
the electrodes forming a continuows flow of gaseous ions called the corona. When
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the feed particles pass through this corona, all particles receive a surface charge.
When the particles mowve out of the corona, the nonconductive particles maintain the
surface charge and get pinned to the rotor surface. Particles of high conductivity lose
their surface charge as they guickly dissipate to the earthed rotor, and the centrifugal
force induced due to the rotor rotation throws the particles away from the rotor/roll
(Han et al. 2014 )

Guo et al. (2011) obtained over 90% recovery for copper using electrostatic
separation with a copper grade of 715, whereas Veit et al, (2005} used electrostatic
separation toenrich metal concentration to 30% Cu, 25% Sn, and 7% lead in printed
circuit boards. Li etal. (2007) showed that the optimum particle size for electrostatic
separation is 6-1.2 mm in circuit boards,

6.7.2 Triboelectric Separation

The triboelectric separator uses particle contact/friction as the method for particle
charging. When two particleswith different elecirical properties come in contact and
rub against each other, there is an exchange of electrons resulting in positvely and
negatively charged particles. If these charged particles are subjected o an electric
field, the particles move toward oppositely polarized electrodes and hence provide
the needed separation. The rubbing/friction between the particles is achieved by
using a fluidized bed, and then the charged particles are allowed to free fall between
two oppositely charged electrode plates, This process is more wseful for plastics and
other nonmetallic materials,

Sacki (2008) used triboelectric separation o recover 95% polyvinyl chlorde
(PVC) with 99% purity from o mixture of PV, polyethylens ferephihalate (PET),
and polvethvlene (PE), whereas 90% recovery of acrylonitrile butadiene styrene
(ABS) with %9%% purity was achieved from o misture of ABS, polypropylens (PP},
and polystyrene (PSL Dodbiba et al, (200260 listed that the riboelectric charging
soquence for various plastics is,

{positive end) ABS—FPP-PC-PET-P5-PE-FVC-FTFE (negative end}

P is pelycarbonate and PTFE is polvietcaflluoroethylens,

The sequence suggests that if two plastics (1.2, PE and PS5} are rubbed against each
other, the one on the kel of the sequence (PS) pets a positive charge and one on the
right of the sequence (PE) gets a negative charge, In o two-component mix of PET
and PE, triboclectric separation could achieve over 95% grade of individual plastic.
Crther researchers have alzo concluded high prades and high recoveries for different
plastics using triboclectric separation {Lee and Shin 2002; Li et al. 2015; Xiao ef al.
2003; Zelmat et al. 2013,

Figure &.10 shows a simplified schematic for a triboelectric separation system
where particle charging is achieved via tribo-cyclone. The charged particles are
gravity fed to the separation system and products are collected in the collecting bins.

In the field of nonmetal fraction from printed circuit boards recycling, Zhang et al.
[2017) and Yang et al. (2019) used triboeleciric separation to separate inorganics
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Figure 6,10 Design of a triboelectric separstion system, Source; Dodbiba et al. [2005),

from the nonmetal fraction to improve the quality of the product. Overall, a con-
centrate yield of 472 was achieved with an organic content of 69%, recovery of 594,
and an upgradation ratio of 1.27 by Zhang et al. (2017} In the case of Yang et al.
(2019), an upgradation ratio of 1.17 was achieved.

6.7.3 Eddy Current Separation

Eddy current separation is widely wsed in the recycling industry o recover
nonferrous metals such as aluminum and copper from electronic waste {Jujun
el al. 2014; Ruan et al, 2007) The process is dictated from the generation of eddy
current in particles when passing over a rotating magnetic feld, When o nonfermus
metal is placed in a high-speed rotating magnetic field, eddy currents generated
in the nonferrows materials create a secondary magnetic field around iself. These
particles are then repelled due to the same polarity of the two magnetic fields and
hence separating the nonferrous metals from the mixture, as shown in Figure 6.11.
It can be used to separate particles in size range of 3 mm-330mm (Smith et al.
2014).

Eddy current separators were used o recovery over 9k aluminum from elec-
tronic scrap by Zhang et al. (1995). Bi et al. (2009} used eddy current separation to
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Figure §.11 Schematic of eddy current separator, Sowrce; Smith et al, (2019)

recover copper and aluminum from the crushed spent lithium iron phosphate bat-
teries in size range of 2-20 mm. Li et al. {201 7) used ecddy current sepamtor to recover
printed circuit boards from crushed cell phones with over 95% separation efficiency.
Ruan and Xu (2011 ) showed that this process is also an efficient method to scparate
aluminum from plastic in crushed waste toner cartridges,

6.8 Gravity Separation

Gravity separation is one of the most common low-cost physical processing methods
and has already being used for the separation of metals from nonmetals (Eswaraiah
et al, 2008; Forssberg et al, 1993; Hanafi et al. 2012; He et al. 2015; Meng ef al, 2018;
Mekouei ef al, 2008; Sarvar el al. 2015 Veit et al, 2014; Ventura et al, 2018; Wen et al,
2005b; Zhow et al, 20016), It has been successfully used in the separation of different
types of plastic wastes oo, Processes such oz air classifiers, jigs, hydrocvelones, and
float-sink have been widely studied in the separation of different types of plastics
(Baver et al. Z2018; Kuj et al, 200 5; Serranti and Bonifazi 2019,

A gravity separator utilizes the differences in the density of various metals and
nonmetals as the basis of separation. If particles of same size are placed in a fluid, the
high-density particles sink faster than the light-density particles. Since the density of
most of the metals is higher compared to the nonmetals present in the e-waste, grav-
ity soparation is the most successful technique for the physical recycling of e-waste.
The caze of gravity sepamtion can be expressed by the concentration criterion and
cin be estimated using the equation beloay
= .I"'_,r

dp=
M~ P
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Where gy, ¢y, and gy are the density of heavy material, light material, and the fluid
mediwm.

Generally, if the conceniration criterion is greater than 2.5, the gravity separation
is relatively easy, and the efficiency of separation decreases with decreasing value of
concentration criterion. Various gravity separation units are available at industrial
scale for metal recycling from e-waste. Some of the most common separators are
discussed in this section.

6.8.1 lJigs

Jigs are one of the oldest gravity separation technologies used in the mineral process-
ing industry, The jigging process is o steatification of a particle bed by Auidization
achieved by a pulsating flovwr of mediom { Ambrés et al. 2019). Traditional jigs operate
using pulsating water; hovwever, air jigs have also been employed for dry applica-
tion where constant airflow is used for stratification. Each pulsation cycle causes
the particle bed to lift and then cause the heavy particle to settle first, followed by
light particles causing the formation of a stratified bed. Ambrds et al. (2019) showed
that particle-size distribution has a significant effect on the separation efficiency of
a jig due to the packing effects. Particle shape, pulsation frequency, water flow rate,
and feed density also affect efficiency (Sarvar ef al. 2015).

Phengsaart et al. (2008} used a jig to achieve up to 98% copper recovery from
shredded small home appliances. Sarvar et al. (2015) showed that the wet jigging
could produce a metal concentrate with 94% recovery and 41% metal grade. The jig-
ging process has also shown success in the separation of mixed plastics (Fita and
Castilho 2016} Hori et al. {2000} used jigs with water pulsation to separate polyvinyl
chloride (FWC), polyethylene terephthalate (PET), and polyethylene (PE) with a spe-
cific gravity difference as low as 0.11. Ito et al. {20100 showed that a bench-scale
continuous jig could be used 1o separate PP and high-density polvethylene (HIPE)
astics with 99% product recovery,

6.8.2 Spirals

Spirals are simple, robust, and low-cost gravity separators where the slurry is fed ata
solid density of ~20-25% at the top of the spiral. As the slurry flows down the curved
channel, lighter particles due to sction of drag forces combined with the water flow
report to the outer arca of the spiral as tailings, while the heavier particles are pulled
inward to the inner area of the spiral as a concentrate, thus effecting the separa-
tion. Wash water is continuously added at the inner arca to flush any entrained
light particles. Modern spirls are constructed from fiberglass and plastic and can
treat particles dowm to 75 pm. The operating parameters are feed mte, pulp den-
sity, feed grade, splitter openings, the position of distributors, and the diameter of
spirals.

Mo researchers have yet used spirals in the field of e-waste recycling; however,
spiral concentrators have shown success in iron, coal, and rare-earth industry
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6.8.3 Shaking Tables

The shaking table is the most widely used gravity separator in the recycling industroy.
The table consists of a riffled deck enabled to move in a reciprocating motion in a
direction parallel to the riffler {Figure £.12). The slope of the table could be adjusted
depending on the requirement. When the table is given the reciprocating modion
at a right angle to the flow of water, heavier minerals settle down in riffles and are
carried along the diagonal line of the table as a concentrate. The lighter minerals do
not settle in riffles and are washed along with the water as tailings. The riffles on the
table form small jigging motion to stratify particles based on their density (Manser
etal. 1991). The operating parameters are water flow rate, deck slope, feed through-
put, stroke length, and pulp density. The solid density is generally maintained at is
25-30% (wi/wi).

Adr tables have also been incorporated in the industry for dry gravity separation.
Compressed air s pumped below the vibrating table with the surface fitted with a
perforated cloth, The feed is introduced near the top of the inclined table, Lighter
particles are lifted by the compressed air and Oow downwards as tailings, The oscil-
lating motion of the able causes the heavy minerals in contact with the table surface
tor move wpward and are collected a5 a concentrate {Dodbiba and Fujita 2015),

Veit et al. {20014} wsed Mozley concentrator, 2 vardance of shaking table, o recover
H25% Cu, 95% 5n, 9% Ni, and 98% Ag from printed circuit boards at —1 + 0025 mm
size. The shaking table could also be used as a preconcentration stage to recover
high-grade concentrate from subscquent processes (Das et al. 20009; Ventura et al.
2008; Xia et al. 2017}, Liu et al. (3014) showed that the optimum size range for the
shaking table is —1 +0.0%4 mm, and recoverics over 90% could be achieved for Cu,
in, and Al A recovery of ~80% of Cu and other metals was achieved for particles
smaller than 1 mm using a wet shaking table by Wu et al. (2012} and Zhu et al.
(20200, Fita and Castilho (2008} showed that wet shaking tables could alsns be used
o separate copper from electric cable waste with high recoveries and high grades.
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Researchers have alzo shown the applicability of air tables for metal recoveries
from crushed printed circuit boards, Zhow et al. (2016) achieved recovery of nearly
G5% with 60% metal grade in the air table concentrate. Air tables have also shown
their applicability for the separation of low-density PP from high-density PET and
PWC mixture with high recoveries and high grades {Dodbiba et al. 2005]).

6.8.4 Zig-Zag Classifiers

Zig-zag classifiers are o dry classification system that uses an air stream o
separate light particles from heavy particles, The cassifier consists of several
sections with rectangular cross-sections conmected to form a zig-zog shaped
channel, & current of upflowing air cacries light particles upward while the heavy
particles move downwards, thus achieving required separation {Senden 19800, The
cfficiency of the classifier is highly dependent on the particle size, airflow rate, feed
rate, and the angle of the sections.

Yoo et al. (2009 used a zig-zag classifier on various size fractions at an optimized
girtlow rate to obtain light and heavy streams and achicved high recoveries up o 95%
for particles larger than 0.6 mm. Recently, Da Silva et al. (2009) showed that zig-zag
classifier is an economical and energy-cfficient alternative for metal recovery from
waste printed circuit boards.

6.8.5 Centrifugal Concentrators

Centrifugal concentrates such as Knelson concentrator and Falcon concentrator ane
highly efficient processes wsed o enhance the gravitational forces experienced by
particle by adding high rotational spesd, especially for fme particles, The feed slurry
is pumped to the top of the feed inlet of the concentraton In the centrifugal con-
centrator, the particles are accelerated up to 60=300 times the regular g-forces from
the rotating bowd trapping the heavier particles in the grooves located in the bowd,
whereas the lighter particles are flushed with the water and report to the tailing
loumdder as shown in Figure 6,13, The centrifugal concentrator in most of the gold
processing plants is batch operated with an optimum concentrate cycle. After the
completion of the cycle, the heavy concentrate is Hushed from the bowl into the
concentrate launder (Chen et al, 2020; Orug et al, 20007,

Zhang et al. {2018) showed that the high density of lithium cathode oxide could
help to achieve a separation of lithivm cathode oxide from spent lithium-ion
batterics with ower 80% grade and recovery using Falcon concenirator. The
optimum particle size was determined to be —%0445pm. Duane et al. (Duan
ct al. 2009), Wen et al. (2005b), and Yoe-min {2006) showed that the Faloon
concentrator could be uwsed for metal recovery from crushed printed circuit
boards with high recovery and high grades. In a study conducted by Ewon et al.
(26), Kelson concentrator was used to recover tantalum from the electronic
components of printed circuit boards obtained from a laptop with ~80% grade and
FECOVELY.
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Figure 6.13 Schematic of a
Knelsom centrifugal
concantrator, Sowrge; Chen
et al, (2020}

6.8.6 Dense Medium Separation (DM Bath/Cyclone)

Dense media separation is the most common approach used in the coal industry to
remove heavy inorganic materials from the light cleaner coal particles. The process
uses a fluid medium at a given separation density to achieve separation. When a par-
ticle is placed in a fluid, it would either float or sink depending on fluid density. If the
particle density is less than the fluid density, it floats to the surface, or else it would
sink to the bottom. The fluid used for this process is mostly organic liguid of different
specific gravities at lab scale; however, at the industrial scale, the required fluid den-
sity is achieved by mixing fine heavy media such as magnetite or ferrosilicon into
water. This media could then be recycled using simple drum magnetic separators
and reused.

The coarse material is mostly processed in a static bath (dense media bath) where
the heavy particles are setiled at the bottom and then carried out to the heavy laun-
der by a removal mechanism such as a conveyor belt, whereas the light particles
overflow or are scraped from the surface. For finer particle size, a dense medium
cyclone is used. The working principle is similar to that of a hydrocyclone. The heavy
particle moves toward the cyclone wall due to centrifugal forces and move to the
bottom of the cyclone and get discharged through the spigot. The light particles are
moved to the center and get discharged through the vortex finder. The separation
density and theoretical grade and recovery for a gravity separator are established
from a float-sink test.

A float-sink test is a simple lab-scale technigue used to determine the gravity
separation behavior for a given sample where the sample is subjected o increasing
density liguids, and the floated and sunk fractions are analyzed from their properiies.
Previous researchers have utilized heavy liquids of higher densities (~2_8% g/cm™) to
separate the metallic fraction from the nonmetallic fraction {Bizzo et al. 2004} &
lab-scale flpat-sink test was able to recover 75% of metallic fraction using organic
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Figure 6.14 End view of the
drum separator, Soence;
Dodbiba et al. [EUUI-EL

liguids (Mekousi et al, 2008} Cui and Forssberg (2007 showed that over B8% of cop-
per in the shredded television scrap could be recovered ol o separation density of
1.4 gfem® with 42% copper grade,

Float-zink test based on heavy liquids bas also been used 1o separate waste
plastics into <L0, LO=L1, and 1.1-12 specific grovity ramges by Lee (2007)
Pongstabodes et al, (2008} used a three-stage foat-and-sink method o classify six
different plastics into bow (specific provity: 0090=-1.000, medium (specific gravity:
L00=1.200, and high (specific gravity: L20-1400 density ranges, Choi (2004)
used pravity separation to recover PV (specific gravity 1.32-1.42) from a mix of
pelvolefin plostic waste (specific grovity: 0.90=106) Dodbiba et al, (2002a) used
# drum separator ot 2 speed of 1EPM at a specific gravity of L11 io separaie PET
from polypropylene (PP The schematic of the drum separator used by Dodbiba
et al, (2002a) is shown in Figure 6,14, The light product overflows o the discharge
loumder, whereas the heavy sink product is carried up by the sink lifters and then
discharged to the sink launder,

6.9 Froth Flotation

Froth flotation iz a physicochemical separation process that utilizes the differences
in the surface properties of various materials for separation in the water mediwm.
This process depends on the selective attachment of air bubhles to one specific
material/mineral in the sample and brings it to the surface where it is skimmed off
to the concentrate launder.

The tendency of the air bubble attachment to a particle can be expressed using
the contact angle. The contact angle depends on the work of adhesion, cohesion,
and surface tension at the bubble, water, and solid interface. A contact angle of o
represents complete wetting rendering the surface hydrophilic {water attracting),
whereas a contact angle of 150 represents complete dewetting, rendering the surface
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hydrophobic (water repelling). The bubble selectively attaches to the hydrophobic
particle leaving the hydrophilic particles in the slurry as tailings.

Howewer, the contact angle measurement is possible for smooth and coarse
particles. The surtace energy or the bubble particle interaction could also be
measured using inverse gas chromatography (I1GC). The surface tension at three
interfaces is highly atfected by the surface properties of the solids and surface
cnergy is one of the most important surface properties (Al et al. 2003} One of
the benefits of using an 1GC for estimating the hydrophilicity/hyd rophobicity of
particles that it can be used on fine particles, powders, and rough/uneven surfaces,
Mohammadi-Jam and Waters (2016) and Mohammadi-fam et al. (2004} showed
that decreasing the surface energy of particles decreased the work of adhesion with
water and increased the floatability of particles and thus increasing hydrophobicity
foor dlifferent minerals,

Some particles such as plastics and nonmetals in ewaste are naturally hydropho-
bic, whereas the metals are naturally hwdrophilic, making flotation o wseful
process for metal recveling, Inverse/ reverse Motation is most studied for Aotation
for ewaste recycling where the unwanied particles are selectively floated, and the
vitluable materials are left behind in the slurry, Various reagents are added o the
fedation process o aid with the Dotation, The reagents can be classified as,

1) Collectors: These are the chemicals that selectively adsorbh on the surface of a
particle, making it hydrophobic, and facilitates the bubble particle attachment.
Examples: Xanthates, amines, oils, sulfonates, etc.

2} Frother: This chemical helps with the formation of stable bubbles by interacting
with the sir-water interface and decreasing water/air surface tension. Examples:
pine oil, methyl isobuty] carbinol, dow froth, etc.

3} Activators: These are the chemicals that help with altering the chemical structure
of the particle surface, thus helping collectors to adsorb on the given particle.
Examples: metal fons, amines, ote.

4) pH regulators: This group of chemicals is added to the slurry to alter the pH of
the slurry and thus changing the surface charge and help with the adsorption
process. Examples: lime, sodiom hydroxide, etc.

5) Dispersants It is wsed to prevent fine particles to agglomerate by controlling the
surtace charge. Examples: polyphosphates, sodium silicate, starch, guar gum, ctc.

&) Depressants: [t is wsed to prevent the adsorption of collectors on the particles ren-
dering them hydrophilic. Examples: humic acids, sedium bisulfide, cyanide, etc.

Accombination of these chemicals is used o help with the froth flotation process,
Howewer, researchers have shown high recovery without needing any additional
chemical due to the nature of particles in the e-waste system. The nonmetal frac-
tions such as fiberglass and plastics are naturally hydrophobic, whereas the metallic
fraction is commonly hydrophilic. It should be noted that the flotation is highly
dependent on particle size, reagent type, and dosage; hence, very carefully designed
experiments at the lab scale are needed to optimize the process.

The flotation is mostly carried out in mechanical flotation cells in the industry
as shown in Figure 6.15. It consists of a tank with a rofating impeller. The impeller
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design changes widely with the vendors, however, it delivers the same purpose, It
helps with the agitation of the slorry and create air bubbles by breaking a stream
of gir. The air bubble rises in the slurry carrying the hydrophobic particles with it,
which is skimmed from the surfece. The largest flotation cell from Outotec has a
capacity of 830 m’. Usually, flotation cells are installed in banks consisting of several
(5-8) individual cells.

Column flotation cells are another type of flotation device commonly used at
cleaner and recleaner stage to improve the metal grade. The bubble in the columns
is generated directly through air spargers. Mormally, the feed o the column enters
one-third way down from the top and moves downwards where [0 encouniers
uprward moving alr bubbles. The hydrophobic particles are carried 1o the surface
wilh the bubbles, Wash water i added a1 the surface using an arcy of pedforated
pipes o remove any entrained hvdrophilic particles, thus increpsing the prades,

Flotation without any reagent has shown o pood metal recovery from waste
printed circuit boards (Mikinen et al, 2015 Ogunniyi and Vermaak 200%), Flotation
using kerosene and terpenic oil showed a metallic recovery of over 84% at a particle
size below 75pm (He and Duan 2007), whereas soapy collector was used in the

Air

An agitalor retakas and
disparses alr inba the mixiure

Hydrophabi:
rmabarial is camied
1o the suriace by
buibles of air and

farms a frath, which

Hydrephabic Hydraphilic i then collecied

Figure 6,15 The process of froth flotation. Seurce: Crawford and Quinn [(2017).
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tlotation experiments conducted by Zhu et al. {2019). He and Duan (2017} reporied
a copper recovery of T9%, whereas the recovery tor Zhu et al. (2019) was only 474,
maost likely due to larger particle size {—1+4+0.5mm). Vidyadhar and Das (2013,
2012} showed that over 9 of the total metal in printed circuit boards could be
recovered with a single-stage flotation process at 1| mm grind size. Frother flotation
with fuel oil as collector and pine oil as frother showed over 95% metal recovery
(Sarvar ct al. 2005}, Gallegos-Acevedo et al. {2014} showed that a metal-rich and a
nonmetal rich stream could be obtained with the addition of 5 ppm frother with
over W metal recovery.

Soparation of different plastics uwsing froth flotation is another avenuee for
extensive research, Besearchers have shown that the surface properties of plastics
cin be modified o incresse or decrepss the hydrophobicity of plastic particles, thus
aiding with the flotation process, Table 6.1 lists some of the ressarch conducted in
the field of plastics otation,

6.10 5Sensor-Based Sorting

Sensor-hased sorting is an avtomated material detection and removal system that
uses high-precision sorter to identify the materials based on their physical and
chemical signature and then remove it using an gjection system. 1t is an online,
contactless real-time system that analyzes the particle propertics along with its
location. The sensor-based system has four major components (Wills and Finch
2006d),

i} Particle presentation: Particle is fed to the sensor using a conveyor belt in a
monolayer distribution.

ii} Sensing (particle examination/detection): Various sensor systems (listed in
Table &.2} have been developed to analyze the particle and capture the particle
properties.

iii} Electronic processing (data analysis): The particle properties are processed using
i lab-developed algorithm based on sensor type and ore propertics.

iv} Separation: The particle rejection is achieved by a stream of air jets. Mechanical
cjoctors have also been emploved for some sensing technologics,

6.11 Example Flowsheets

The European Recycling Platform have published the recycling process for some
of the common e-waste items as shown in Figure £.16. It shows that the recycling
process starts with manual dismantling and removal of hazardous chemicals
followed by the shredding and size reduction process. The separation of various
components is achieved by a combination of physical scparation processes and the
recovered items are then sent for subseguent processes.
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Table 6.1 Beseanch in the fheld of flatation separation of varicus plastics présent in

E-wirste,

dusthors Materials® Reagents Frother Particle size
Abbasi et al. PET and PWC Tannic acd MIBC —6.23% + 2.7 min
(z010)
Barhakadze MW, mylon, and  Ca lignesulfonate,  MIBC 0.54L7 cin
el al. [(JO1E) HINPE livnmdc ackd,

miethyloellulose,

Tritin X- 1M
Buchan and PFET. PVC. PE, Mithanal MIBC -1.7mm
Yarar [(1995) and FP
Carvalhaetal.  PE, PR PS, FET, Calignosulfonate, MIBC J=12mm
(3010 and FVC hostaphat
Censori ef al, PSS and ARS Tanmnic ackd MIBC 2=4 mm
(I016])
Drodbiba et al. PET and PE or D ey lamine MIBC 2-Fmm
{ 2HEA) FE acetate, Palyviny

aleohad
Drrelich eg al. FET and PYC - Rhadasurf 2=1{rmm
(1958, 19499 q1-6
Guemn et al. (Le  FET and PYC Ma and ]‘-C[-I_‘+ - S=10'mm
Guern ef al, lignosulfonate
I Le Guern
et al, JHH)
Crilmey et al. PET and F¥C Diethylene glycol,  MIBC =336+ 2 mm
(301 5] 'Iignin alkali
Margues and TFET and FvC Ca lignosulfonate Pineolland —4.70+ 1.70mm
Tenaria [ JHAT) MIRC
Martin et al. FET and FvC - Folyethwlense 5% 5mm
(M 1) glyeod
Megarl et al. s, PET. amd Falyethylene MIBC Smin diarmeter
[ LS P glyeol, polyvinyl

aleohaod,

methyloellulose,

tannic ackd
Pascoe (2005)  ABRSand HIPS  Acetie ackd, Pine all S-1hmin

methanoal

carbaxymethyl

cellulose,

Quebracho
Pita and s, PMMA. Tannic ackd MIBC — 5.6 b
Castillr (217} PET, and PVC
PFongaabodes  FET, HDPE, Ca lignosulfonate  MIBC 0.3k 5 e
e al. (H0E) PYC, PP, PS, amd

ARS
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Hurthars. Materials! Reagents Frother Particle sine
Saksinchal (20014} PETand PVC Calignosulfonate  Pine ol 53 5mim
Saitah et al, (1976) PP, PE, P5, and Ha.'lignmulfnnah:. - Smm
P tannic acid
Salermo et al. PS5 and PWVC o MIBRC d=4 mm
(2018]
Shen et al. (20k,  PET, PC, Tannic acid, alkyl  MIBC =56 mm
20032) PRMBLA, PV, cthomylated — 2,38 + 200 mm
F5. POR, and noniomic
AES surfuctant
{Tergital 15-5-7)
Shibata el al. FVE, PC, POM.  Malignosullonmate, Pine il —4+1Imm
(1%246) and PPE tamnic &cid,
palyovethylene
lauryl ether,
aerasal O,
sorbitan
monolaurate,
polyvinyl aleohal,
sLponin
Singh (1% PVCand POM  Malignosulfonate,  Pine ol 2-4mm
sorbitan
monolaurabe
Takoungsakdakun  PET, FOM, and  Ca lignosulfonate  MIRC .3-05cm
amnd Ponpstabodes  PVC palyvinyl aleohod
(2007)
Wang et al. (2013} PE PVC, PP, PSR, - MIBC, =4mm
PET, AR5, and Terpinesd
PC Driethyl
phithalate
Wwang et al. {2014} PP, FE, FTFE.  Lignin sulfosae, - -5 min
ARS, P5, PVE,  tannic acid,
PET, and FC methyleellulose,
Trilan X-100
Yenial et al. (20137 PET and PVC Dicthvlens glvcal — MIBC —33+2mm
dibenziate, Trilan
XL-100M
Lhaoetal (2009} PET, PYC,and  Ma lignesulfonace, MIBC, glyeol -
FE tannic &cid

A} ABS - Acrvlanderibe-buiadiene-sryrene, HOPE - High-density prlyethylens,
HIFS - High-impact polystyrense, PC - Palycarbomates, PE - Palyethylene, FET - Palyethylene
terephthalale, PRMMA - Polymethyl methacrvlate, POM - Poboxymethylene or Polyacetal,
FFP - Polypropylens, PPE - Folyphenylens ether, P5 - Polystyrene,
FTFE - Polytetrdlucroethylene, FYC - Pobvwimd chloride.

i
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Figure 6,16 Recycling process and recovered materials from variows 2-waste units, Source;
Based on European Recycling Platfarm (2017).
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Table 6.2 Sensor technalogies.

Sensors Physical properties Application
Tromipl BAmnsa neutron Ebernenial composition Metaks
aclivation analysiz
XK-ray transmission Density Metal, plass, plastic
ey flunrescence Elemental composition Metal separation
TFhatpmserric Cobor Chrcult board, glass, plastic
Mear-infrared Infrared ahsorption Pastic, mbber, polymers
SpeCirnscapy
Eleciromagnetic induwcliomn Conductivily Metal separation
Laser-indweed breakdown Elermenial composition Metal separation, flame
SpEcirosoapy relardants

Sources: Based on Hilscher et al. {20171 and Wills and Finch {200 6d L
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7.1 Introduction

In the last few decades, the high demand for emerging electronic technologics com-
bined with the short life-in-service of obsolete applinnces has led to an exponential
rise in waste electrical and electronic equipment (WEEE), which resulted in severe
covironmental issues: when incinerated, WEEE releases preenhouse gases and toxic
cmissions; when disposed of in landfills, it contaminates groundwater [ Meedhidasan
et al., 2014}, These fecrble environmental consequences directly impact developing
countries such as Ghaoa, the world's largest e-waste landfll (Zvesdin e ol 2020
Alvarez-de-los-Mozos et al., 2020; Vaccar et al. 2019). The United Nations (UN)
reported that over 30 million metdc wones (MU} of WEEE wers produced world-
wide in 201% and that this volume is expected o increase by over 70 million metric
tonmes (M) over the next few vears (Framzolin 2020; Adusei et al, 2020 Aboughaly
and Gabbar 2020).

Pyrometallurgy is one of the most viable extractive metallurgy echnigues
for recycling high volumes of WEEE (Ma 20190 Willner et al, 2014), One sig-
nificant advantage of many pyrometallurgical processes is the generation of
high-temperature liquid phases (such as matte in the case of copper smelting and
slag in the case of lead smelting) which are perfect reactive media 1o melt/dissolve
WEEE. Pyrometallurgical processes often involve the simultaneous presence of
multiple liquid solutions such as slag, matte, metallic melt, and molien salt in
which valuable metals and impurities can be partitioned and eventually discarded
(in the case of impurities) (Espinesa et al, 2015, Anindya et al. 20130,

Pyrometallurgy includes many extractive metallurgical operations such as
smelting (performed in high-temperature furnaces |Hageluken, 2006, Theo 1995])
and refining (which includes chemical and electrochemical processes |Rudnik and
Bayaraa 2016]). High-temperature electrochemical processes use electrical work to
produce metals from the reduection of metallic cations present in electrolytes (such

Elevironic Waste: Bropeling ard Beprovessiag Jor o Sustoinebie Future, Fist Edilion.
Edited by Mara E Holuszkno, Amit Eumar, and Denise C. B. Espinosa.
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as molien salis [Flandinet ef al., 2002]) and can also be considered in this branch of
cxiractive metallorgy.

In terms of recovered metals and sustainability practices, pyrometallurgical pro-
cesses significantly enhance recycling efficiency as they operate at high tfempera-
tures and imwolve liquid reactive media. [n addition to copper and precious metals,
modem smeliers are integrated into the recycling rouwte of other valuable metals
such as selenium, cadmivum, tellurium, and nickel (Ma 201%a). Another positive
outeome of such operations is the energy sovings from the exothermic plastic waste
oxidation/combustion during the smelting operations, Pyrometallurgical processes,
therefore, close many metal loops such as for iron (via basic oxygen furpace and elec-
tric are furnace), copper and lead (via smelting operations), as well a5 aluminum
(via tilting or stationary melting furnaces), They are considered an essential parct
of the recycling chain, This chapter describes these processes @0 recover metals from
WEEE, such as waste printed circuit boards (WPCEs )L Furthermore, we discuss their
advantages, limitations, and associated challenges,

7.2 Printed Circuit Boards

Printed circuit boards (PCBs) are the most valeable and common component of con-
surner elecironics (i.e. one of the most essential categories of WEEE). They constitute
approximately 3wt of WEEE (Zhu et al. (30200; Chatterjee (3012); Luda (2011)).
Their recycling has recently drawn considerable attention from both an economic
and an environmental perspective (Ippolito et al. 2021; Wang ot al. 2021, b; Rao
ct al. 2021; Tanisali et al., 3021) The presence of many valuable clements, which
can be recovered (iLe. the concept of urban mining), combined with their scarcity
in the earth's crust is at the heart of this waste valorization. On the other hand. the
toxic nature of many of their components (which may contain lead, chromium, and
brominated compounds) is a critical aspect to consider when designing eco-friendly
recycling processes,

Each PCE type has its own overall chemical composition, as well as mechanical
and physicochemical properties. This keads o recyeling challenges as each WPCBE
tvpe will resct differently to the unit operations of a given process (such as shredding,
leaching, and smelting) Charbes et al, (20200 presented an elemental mapping of the
viluable metals that can be recoversd from PCE {see Figure 7015 It includes cop-
per, gold, sibver, palladium, yitrium, cobalt, antimony, and iridivm, just o identify a
few. More specifically, a tvpical PCB consists of approximately T0wi% of plastics and
other materials such as brominated flame retardants (BFEs), ceramics, and metals
(Charitopoulow et al. 2020; Jandric et al, 20200,

Copper (20wiE), solders allovs made of tin and lead (3w1%), iron (3wA%), as
well as precious metals Cabout 200 ppm of gold, 300 ppm of silver, and 100 ppm
palladium) represent the most common metals w be recovered in these waste
materials. As seen in the previous chapters of this book, the wide variety of
metzllic elements to be recovered and the unigue chemical nature of PCBs nai-
urally lead to the design of many distinct recycling processes, including physical
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Flgure 7.1 Map Identifying the rare and preckous metals distribution in a PCEB. Source:
Charles et al. (20200, Fram an apen access article permitting wnrestricted use of the original
AAOITE,

separation, hyvdrometallurgical, biometallurgical, and pyrometallurgical processes
(Moosakazemi e al, 2020 Cui and Anderson 202, Harikrushnan et al. 20068}, We
explore this in detail in this pyrometallurgical processes chapier,

1.3 Pyrometallurgical Processes

A pyromedallurgical process involves using ores, concentrates, or waste materials to
produce valuable metals ultimately. In the primary metal production route, these
metals are in one of their oxidation states due to the ore genesis conditions (i.e.
oxidizing conditions). Therefore, a metal production will require a reduction step,
which is often performed using a carbon-based reducing agent such as coke or
methane, In the case of WEEE, il i interesting to note that thess metals are already
im their fully reduced state, which has to be considered when designing an optimal
recyeling steategy, Moreover, basic thermodynamic considerations justify the use
of high temperatures in most pyrometallurgical processes since carboreduction is
enerpelically favored at high temperatures for many metals, Also, high-temperature
liguid phases are often formed in these processes as they act as excellent reactive
media. Another important consideration that promotes primary metal pyrometal-
lurgical processes o recycle WEEE is that they can already process concentrates
that naturally contain most of these metallic elements to be recovered. Therefore,
these pyrometallurgical technologies can naturally process WEEE withour any
significant modification, A perfect example of such good process compatibility is
the smelting of copper sulfide concenirate (such as chalcopyrite, CuFeS,) in the
Moranda process, which can integrate up to about 14wi% of shredded elecironic
waste in its feed as reported by Cui and Zhang (2008). In this case, smelting
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operations performed between 1200 and 1300°C, which are designed to remove
sulfur and iron from the svstem via the gas and the slag phase, respectively, are used
o produce liguid copper, which also entrained noble metals (such as gold, sibver,
and platinum-group metals - PGMz), They are collected in the low-temperature
anode mud of the electmlytic refining process, which s required 1o obtain pure
copper that gualifies for electrical applications (Veglid and Birloaga, 2018),

7.3.1 Smelting

The initial steps in the processing of e-wastes generally involve their breaking and
shredding tollowed by some physical separation operations (such as magnetic sep-
aration, eddy current scparation, air current separation, and corona electrostatic
separation as reported by Zhang and Xu (3016)) to sort different fractions, which
have distinct chemistry. The nonferrous metallic-rich fraction is then processed in
one of the available smelting technologics, It mainly contains common base met-
al= such as copper, nickel, tin, zinc, lead, and aluminum, and some residual fer-
rous components, and plastics {(which cannot be removed entirely from the physical
separation steps). Depending on the major base metal (i.e. Cu or Pb), the metal-
lic fraction can be processed in either a copper or a lead smelter, which acts as a
recycling unit to recover these elements as well as noble metals (gold, silver, and
platinum-group metalzs) following further hydrometallurgical and electrochemical
processes. Most smelters also simultaneously process important fractions of sulfide
concentrates, which explain the formation of a matte phase (sulfur-rich lguid) and
an oxide-rich slag phase (induced by the oxvgen blowing and the addition of fluxes)
along with a metallic phase at some point during the process, The evolution of an
50,-rich gaseous phase, which is collected to produce sulfuric ackd, is also typical for
such smelting operations. Further details on the copper (Cu)- and lead { Ph)-smelting
strategles used o recycle e-wastes are presented in the Sections 7.3.1.1, 7.3.1.2, and
7313

1.3.1.1 Copper-Smelting Processes = Sulfide Rowte

The general principle of copper smelting is to remove sultur and iron (e the tao
main impaurities of copper sultide ores ) using cooygen. Figure 7.2 shows the predom-
inance diagram for the CuFe5-5i0,-0, system at a temperature of 1200°C. Silica
is added to the system {using a X : 1 CuFe5,:5i0, molar ratio) to produce a slag
phase upon ferrous oxide (FeO) formation during the O, -enriched air blowing. At
the beginning of the smelting operation, a (Cu,Fe)-rich matte and solid silica are
present in the reactor. As oxygen i introduced into the system, it generates 50.(g)
and ferrous oxide. The obtention of the adequate 5i0,:FeD ratio leads to the forma-
tion of fayalite slag. When the (Cu-rich matte + slag) meta-equilibrium is reached
(gray zone #1 on Figure 7.2), the smelting process s completed. The copper matte
smelting can be summarized using the following overall reaction:

ICuFes, (5] + 4040 + 500,405} zarki

Fe, 510, slagh + Cu,Simatte) + 350,(g)
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Figure 7.2 CuFeb,-5i0,-0, predominance diagram (using a 2 ;1 CuFe5, 500, molar ratic)
at 1H0"C calculated using the Factsage software, The armow shaws the evalution of the
partial pressure of O, as air is blown in the system.

In theory, it s thermodynamically possible to identify operating conditions that lead
o the direct production of metallic copper called direct-to-copper smelting by fur-
ther oxidizing the matte {see the grey zone #2 in Figure 7.2). However, these oper-
ating conditions lead to significant copper oxidation and solid magnetite formation
(spinecl). Other fluxes such a= Cal need to be used to boarer the liquides tempera-
ture of the lag, More impoctantly, copper is transfecred o the slag phase, To make
the process economically viable, the copper-rich slag phase needs to be treated with
coke o recover the valuable metal, The Cu-rich matte is then comverted into liguid
copper using & similar steategy,

The primary production of copper from sulfides is performed via one of the fol-
lowing smelting technologies (Schlesinger et al. (200 1c)):

e Bubmerged tuyere smelting: Oxygen-enriched air is the primary reactant, which is
blown into the liquid matte via submerged tuyeres to produce 50, and Fed (which
is subsequently fused into a Byalite slag synthetically produced by adding silica),
The concentrate can be injected into the system via either the submerged tuvers
(in which case the concentrate needs to be dry and has o meet specific particle
size requirements) or from the op of the reactor as in the Moranda techinology.
The laner feeding strategy is more suitable for charging a scrap of various sizes
into the smelter. Silica is also added to the system to flux the oxidized iron.

» Flash smelting: This technology values a solid (concentrate) -gas (O, -enriched air)
combustion-like reaction (o promode the simultanecus formation of liguid matte
and slag droplets, which eventually reach the matte-slag pool at the bottom of the
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Figure 7.5 Umicore's Isa5mel furnace. Source: Bakker et al. (2011}

reacton, This two-phase liguid system needs o seile in the furnsce @ promote
cthcient liguid-liquid phase sepamtion and transfer of the copper from the slag
phase to the matte, One drawback of this approach is that the concentrate foed
needs to be calcined and being injected as fine particles.

¢ Wertical-lance smelting (ISASMELT) This technology developed in Australia
is based on the use of a submerged gas-cooled lance, which blows a mixture of
(oxvpgen-enriched + natural gas) blast into the liquid maite {see Figure 7.3), The
veertical reactor is fed from the top and can tolerate variows feed sizes, which ease
the introduction of scrap. Magnetite, which is formed by the maite's oxidation,
is @ key phase in this process. Firstly, it protects the lance from the matte as it
solidifies around it. It also plays a central role in the production of SO,(g) as it
reacts with the matte phase via a solid-liguid reaction. Albvear Flores et al. (3014)
presented an exhaustive study about the imporiance of this compact technology
for recycling. It is also a central unit operation of the Umicore process detailed by
Hageluken (2006 ).

Direct-to-copper smelting: As explained previously, the genecal idea behind this
smelting strategy is o severely oxidize the mate wotil it produces metallic copper.
According to Schlesinger et al. {201 1a), about 25wt of Cu is inevitably transterred
i the slag phase. It will be recovered by reducing the copper oxide in the slag using
coke.
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Flgure 7.4 Fartitloning of WPCBs during the Cu-sralting coerations.

Copper smelters clearly offer an opportunity o partition valuable metallic
elements and other impurities that constitute WPCBs in various phases that form
during the process (such as the matte, the slag, the metallic melt, and the exhawst
gas-dust). One fundamental aspect to understand here is the fate of each element
and contaminant under these smelting operating conditions. Figure 7.4 presents
a schematic representation of the parfitioning of various elements/component
present in WPCEs. The first group called plastics is incinerated in situ. The products
of this incineration are transferred to the gas phase. The second group called volatile
metals includes zine, lead, arsenic, bismuth, tellurium, and selenium. Apart from
tellurium and selenium (which end up in the liguid copper matte as they are chaloo-
gen clements), all these clements are mostly transferred to the 530,-rich exhauwst
ges. This is potentially pmoblematic as they may cxceed regulated concentrations
when released to the atmosphere and become a danger for the environment. The
third group is associated o the presence of plass fibers in WPCEs, It contains oxide
components like AL Oy, 50, and Cath, These oxide components are casily fluxed in
the slag phase during smelting, The lost group is colled Iowvapor-pressure metals,
It is subdivided into two categories: (i) the noble metals relative to iron (such as
Cu, A, Au, and P, which wdll be carcied in the Cuerich liguid metal, and (i) the
reactive metals (such as Al Ti, Mi, Co, and Fe), which will mostly be oxidized and
transferred o the slag phase, A converting step is pecformed on the copper maile
o produce the blister copper, which is refined wsing natural gos o remove the
dissolved monatomic oxygen.

Finally, it ks to be noted that many authors (Khalig et al. (2004} Cul and Zhang
C200ET; Ma (201%a)k Fhang and Xu (2016]) have reviewed the principal industrial
e-waste recvoling practices involving copper-smelting unit operations, Their stud-
ies reported the Moranda process in Canada, the Aurubis's Kayser recyeling svstem
in Germany, the Boliden Ronnskar Smelter in Sweden, and the Umicore’s precious
metal refining process in Belgium {see the process flowsheet in Figure 7.5). It is to
be noted that the smelting operations at Boliden and Umicore are integrated into a
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much larger process scheme that also involves lead-smelting operations, which will
be explained in the Section 7.3.1.3,

7.31.2 Copper-Smaelting Processes - Sacondary Smalters

There are two types of secondary smelters to process copper-rich sceap, Le. the metal
smelters and the black-copper smelters (Schlesinger et al, (2001 1b)). Tiltable reverber-
atory furnaces are used 1o process Cu-rich (high-grade) scrap, For low-grade scrap, a
more elaborate strategy Cirvolving a reduction step using coke fol lowed by an O,0g)
oxldizing refining step) is required, Low-grade scrap often includes shredded auio-
mohile products and dross coming from the decopperizing of lead bullion, which
both contain lead. Therefore, the typical furnaces associated o the production of
black copper (such as the Kaldo furnace and top submerged lance reactors like I5AS-
BMELT and AUSMELT) are often found in lead extraction operations.

7313 Lead-Smelting Processes

Lead, like copper, is a chaloophile element which s naturally found in association
with sulfur in different minerals, Lead sulfide ores such as galena (PBS) tvpically
contain other minerals that are rich in zine, copper, and iron {in the form of sulfates
and sulfides) as well as precious metals, notably silver (Ayres et al. 2003}, E-wastes
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such s lead-acid batteries are therefore fully compatible with this ore type as they
simultancously contain metallic lead, PbO,, and PhE0, (Armout of al. 2001), They
can be mixed with the sulfide concentrate feeds.

Laubertova et al. (200 7) presented an overview of the lead-smelting technologies.
Two main routes can be used to process lead sulhde concentrates and lead-rich
scrap, iz (i) the traditional sintering-smelting in blast furnaces (for Zn-lean
concenirate) or wsing Imperial Smelting furmaces (for Zn-rich concentrate), and
(i) the direct smelting approach, Grant (2000) reported many direct lead-smelting
approaches such as the Kaldo furmace (top-blown rdary converter), the Q3L kiln,
the ISASMELT and AUSMELT verlical reactor with submerged lance, and the
Kiveel process, Contrary o conventional copper-smelting operations, which always
resguire large amounts of concentrate o operate, several authors report that many
lead-smelting operations run almest exclusively using scrap feed, This is explaimed
by the high lead fraction that contains specific waste materials (such as lead-acid
batteries) when compared to the WPCHs, which have smaller fractions of metallic
COMPENEnts,

¢ Sintering-smelting: In this approach, the concentrate is first roasted wsing air to
convert the sulfide info an oxide via the following reaction:

a

2PBSI5) + 30,(g) ———— 2PbOis/1) + 250,(g)

This reaction is important as lead ocide can be easily reduced to metallic lead by a
carbon-based reducing agent (which is not the case for lead sulfide). Lead oxide is
niot the only phase in the sintered product. It also contains melilite, spinel, caleium
silicate sulfate, as well as copper sulfide (Zhao 2013). Mext, the lead oxide sinters
are reduced in the blast furnace wsing coke. Silica and lime are also charged in the
blast furnace from the top (Watt ot al. (2008}). The tuyeres at the bottom of the
reactor blast Oy -enriched air, which react with the excess coke to produce CO(g)
vig the Boudovard reaction. This carbon-monoxide-rich gas will act a= the main
reducing agent for this reduction process (Vanparys et al. (202070

T=mpa*C
PHO(1} + COgg) —mmems Ph1) + CO,12)

The ligpuisd lead (ealbed lead bullion) obtained from this operation is collected at the
bottom of the furnace along with a slag and 2 matte phase, In many cases, arsenic
i present in the charge and will form speiss (e iron arsenide) upon the resclion
with iron, Figure 7.6 taken from the work of CHAIDEZ-FELIX et al. {2014) shows
the phase assemblage obtained from a lab-scale lead blast furnace experiment at
1573 K. 1t consists of an equilibrium between lead bullion, speiss, maite, and slag.
In the Umicore process presented in Figure 7.5, the lead bullion obtained from
the blast furnace is sent to a refinery unit, the matte is sent o a copper smelter,
while the speiss is processed in the Umicore Plant in Olen. The Imperial Smelting
process works similar oo the blast furnace and is used to process zine-rich concen-
trates.

# Direction smelting: In this approach, the sulfide concenirate is directly reduced by
coke in a furnace. Slag-forming fluxes are also added to the reactor. The following
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China 2014,

reactions simultaneously take place:

10t

FhS) + Ogigh Pl + 505080

a

G
2PB5(5) + 30, (g) ——— 2PhON) + 250,(g)

2PBON]) + Cis) —mees 2Ph(1) + CO,(g)

As explained by Grant (2001}, the direct smelting of lead sulfide concentrate to
obtain a low-sulfur lead bullion and a lew-lead slag in a single step is difficult to
implement in practice. The Pb&-0,-8,-(510, ], (Fe(¥], (Cal), | predominance dia-
gram calculated at 1473 K and 1 atm presented in Figure 7.7 validates this affirma-
tiomn.

Figure 7.7 shows that the sulfur removal of the system performed via the
O2-enriched air blowing may provide the desired (liquid lead + slag) equilibrium
but inadequate compositions (see the red star on Figure 7.7). In this zone, the liguid
lead activity of about 0.97 implies that it dissolved a significant amount of oxygen.
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Moreover, Figure 7,70 shows that the liguid PO activity is high in this zone,
which would lead o important lead losses in the sag. Therefore, the oxidation
alone is not enough o smelt the concentrate, The addition of coke info the system
allows a significant lowerng of the oxveen chemical potential. This keads o an
important reduction of the Ph losses 1o the slog phase (see the star in the bottom left
cormer in Figure 7.70), The reduction step is also not sufficient by itself a5 it cannot
fully comtrol the system's sulfur chemical potential, This explains why a two-stage
strategy - oxidation folloared by reduction - is reguired (Grant, 2001). Finally, it is
i be mentioned that some divect smelting furnaces con process concentrate-free
feeds, Laubertova et ol (2007} reported the example of a shaft furnace battery
recovery process that uses batlery scrap, coke, iron scrap, and reusable slag o
produce lead bulliomn,

7.3.1.4 Advantages and Limitations of Smelting Processes
We conclude this section by highlighting the advantages and limitation of the smeli-
ing processes to recycle clectronic waste,

Advantoges  One major advantage of vsng smelling techoologies o recvele waste
electronics is that they were initially designed o deal with several elements” simul-
taneous presence in the concentrates they process, Most primacy metal-smelting
operations have to deal with: (i) the presence of undesived silicates/oxide com-
pounds, which are removed via the formation of a slog phase, (i) the presence of
resctive medals and other resctive compounds such as plastics and sulfides, which
can be oxidized using O, -enriched air and then transferred o the slag phase or the
cxhaust gas of the process; (iii) the possibility to reduce valuable oxide components
using carbon-based reducing agents; (iv) the production of metallic melts, which
are then refined and tapped. Therefore, these smelting processes can tolerate the
viriahle nature of the overall chemical composition of waste clectronics. It is of
prime imporance to select the primary smelting process that matches the waste's
major metallic component. The integration of scrap into primary metal processes is
cspecially important for electronic wastes since their metallic fraction is not always
high. Thercfore, these recycling opertions benefit from the formation of liguid
phases during the primary smelting operations. The other advantages can be listed
as folloas:

# Most primary metal-smelting processes have been exploited for decades and
optimized io recover all valuable metals. The perfect example is copper’s primary
production to process copper sulfides in Quebec (ie. the Moranda process)
Apart from copper production, the other metallurgical operations that have
been appended to this process {such as the electro-refining of copper) have
allowed recovering noble metals such as silver, gold, platinum, and palladium as
chalcogen metalloids such as tellurium and selenivm.

« Many chemical reactions involved in the smelting operations are exother-
mic, which lower these processes’ overall energetic reguirements. The in situ
exnthermic incineration of plastics can also be viewed as a positive outcome.
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w Smelters are tvpically large reactors with high productivity, which allows the daily
processing of large volumes of elecironic waste,

s Many primary smelters are already available w process electronic waste, which
Ivwers the investments regquired o recyele them,

Limitations The major limitation of primary smelting operations to process elec-
tronic waste is their relatively low selectivity. As an example, noble metals and
chaloogen metalloids are alloved with copper at the end of the smelting, converting,
and refining process. Their recovery requires subsequent hydrometallurgical and
electrorefining operations. Other limitations include:

# The high replacement cost of refractory and other critical components, The liguid
phases that are formed during smelting are chemically aggressive and wear many
critical components of the vessel.

s The initial investmenis i bulld such processes when not available,

» The need, in many cases, o simultanesusly procass concentrates when recycling
electronic waste to ensure a proper operation of the smelter.

Finally, it is fo be mentionsd that the sustainabdlity of the primary metal-smelting
processes o recyele electronic waste will mesd 1o be analveed in the folure, especially
in the context of the establishment of an authentic circular economy, The reduc-
tiom of harmiful goseous compounds such sz dioxing and brominated compounds
via improved scrubbing operations is another important aspect that will need 1o be
addressed in the future 1o make these smelting operations more sustainable,

7.5.2  Electrochemical Processes

As mentioned in the introduction of Section 7.3 of this chapter, one interesting char-
acteristic of electronic waste is several metals” simultaneous presence in their fully
reduced state, This contrasts with the oxidized states they naturally adopt in ores,
Thie reduction operations regquired to extrsct metals are energy-infensive, especially
for reactive elements like aluminum, mognesium, and lithivm, Therefore, there is
the pofential for huge energy savings to be made if one can design a process that
aceounis for this feed specificity. Electrochemical processes fall into this opportunis-
tic category. $u (2020) presented a review of the different electrochemical methods
that exist o recvele solid and liguid waste (zee Figure 780 [0 includes electroly-
sis, electrodialysis, electrocoagulation, and electroflotation. In this chapter, we only
focus on electrolytic processes.

In a nutshell, an electrolytic process requires an electrical system constituted of a
conductive anode and cathode, and an electrolyie (which can host metallic cations],
and a power source, [ s also important that this electrolyie possess a good jonle
conductivity via highly mobile ions. Electrical work is transferred to the system to
overcome the positive Gibbs free energy varation associated with the overall oxi-
doreduction reaction that leads o the production of metal (as well as the energy
asgociated with anodic and cathodic overpotentialzs). The anode hosts the oxida-
tion reaction {which typically leads o the production of O, Cl,, or CO, ), while the
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Flgure 7.8  An averview of select electrochemical approaches for waste recycling and
revalarization. Source; Su (20200, Reprinted with permission from The Electrachemical
Society 2020,

cathode hosts the metallic reduction {the metal o be recovered is collected at the
cathode ) In electmorefining operations (=uch as in electrolviic refining of copper),
thie amodic resction is the oxidation of the metal iself, Az itwill be presented in this
section, the important selectivity of electrolytic processes (linked to the reduction
potentiol uniguensss of each metallic fon) makes them interesting candidates for
electronic waste recycling operations in the future. Electrowinning and electrore-
fining technologies can be divided into low- and high-temperature processes.

1.3.2.1 High-Temperature Electrodysis

In extractive metallurgy, many reactive metals can be produced wsing high-
temperature clecirolysis. This is typically performed in molten salis such as
chlorides, Hluorides, and chlorofluorides. Excellent review work on the subject
is presented by Yan and Fray (20103 A famous example of high-temperature
electmlysiz is the production of aluminum via the Hall-Heroull process, which
uses cryolite (Na,AlF,) as the electrolyte. Magnesium and lithium can also be
commercially produced via high-lemperature electrolyss using molten chloride
electrolytes, One significant advantage of using chloride svstems is that they melt at
redatively low temperatures when compared o oxide-egquivalent systems, 1t is also
possible o design a molten chloride electrolyie that is not oo volatile and has good
ionic conductivity. Fluoride salis can dissolve oxides, which is a major advantage in
primary metal production (e.g alumina in eryolite). However, fluoride melts tend
to be more aggressive and are liquid in higher temperature ranges.

In the context of recycling electronic waste, the use of high-temperature electroly-
sks would normally require a chlorination step to oxidize their metallic componenis.
This step could be done via a roasting strategy. During the molten chloride electrol-
yaiz, Clyg) is evolved at the anode and can be recycled in the chlorination/roasting
step or used in zitu to chlorinate metallic components. The main enviconmental
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Hua et al [2014),

concern with this process is the accidental release of chlorine in the atmosphers
as @ result of & process Bilure, The material selection o building the equipment
for handling chlorination operations is also critical and challenging. Applications
of molten chloride electrolysis (o recover rare-earth elements from electronic waste
were recently reviewed by Xi et al. (20200, They reported Abbasalizadeh et al, (2016)'s
work in which AIC], is used as the chlorination agent to transfer Md and Dy (via an
exchange reaction) into the eutectic LICI-KCI-NaCl molten chloride. Nd and Dy's
transfer in the salt is possible as their respective chloride (NdCT, and DyClL) are
more thermodynamically stable than AICH,,

Interestingly, this chlorination strategy will not transfer iron and boron in the
rvolten chloride since their chlorides are less stable than AICI,. As a result, the elec-
trodeposited rare-earth metals are free of iron. Another strategy to chlorinate the
rare-earth elements from magnet scrap is wouse a molten MgCl-KCT bath (Hua et al.
(20147} In this case, the electrolysis leads to an Mg-MNd alloys electrodeposition,
which iz inevitable becavse of the small reduction potential differences between
these two elemenis. The proposed flowshest of Hua et al. (2014) to process NdFeB
scrap is presented in Figure 7.9,

7.3.2.2 Low-Temperature Electrolysis

Even though low-temperature electrolytic operations using aqueous solution should
not be considered as pyrometallurgical processes, their technological importance
in refining primary metals and in recycling e-waste motivated an overview of these
processes in this section. Low-temperature electrolytic processes typically use
sulfuric, hydrochloric, and boric acid solutions (Jin and Zhang (203207} as well as
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iomie liguids, I8 is interesting to mote that conventional hydmometallurgical processes
to recover valuable metals from electmonic waste use similar agqueous solution o
perform the chemical leaching (5u 2020 ie. the frst sep of the extraction, The
subsequent purification and recovery steps in extractive hydrometallurgy are based
on completely different steategies such as precipitation and cementation, Here are
some recent examples of low-temperature electrolytic proceses w recvele electronic
waste,

» Copper recovery from e-waste: There is rich literature on the recovery of copper,
which iz the main metallic element contained in WPCBs using bow-temperature
electrdytic processes, In their work, Fogaras et al, (200 3) presented the two main
electrodytic routes that con be taken to peclorm the copper recovery (Figure 7.10)
In rowle A (sulfuric acid electrolyte), copper's direct electrochemical oxidation is
performed, followed by the elecimodeposition of pure copper at the cathode, In
roule B, the Fe** (Fe* redos pair is used 1o achieve a fster dissolution of copper
(Cul. Fogarasi et al, (20013} reported that route A leads to the extraction of a 9E%
purity of copper for the energy consumption of 106 kWh per kg, while route B
produces a 99% purity of copper energy consumnption of 1.75k'Wh per kg. Here
are other examples of copper extraction based on similar processes,

Song et al. (2021) were able to electrochemically extract 95wi% of the copper dis-
solved in a multimetal sulfuric acid leaching solution of waste liquid crystal display
panels that contained indium, copper, aluminum, and molybdenum. Barragan et al.
(2020} proposed a new strategy for the efficlent recovery of highly pure copper and
antinsony (in the form of Sby0, ) from WPCE by leaching the waste in hydrochlo-
ric acid solution that also contained ferric chloride (1o accelerate the copper dis-
solution], followed by a precipitation step and an electrowinning process, Zhang

Routa & {suluric acid) Routa B (chioridric ackd - Fedly)
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Figure 710 Block dizgram of the copper recowery process from WRCBs by mediated
electrachemical axidation and cathadic dapesition wsing sulfuric acid electrolyte (Route A)
and hydrochloric-acid-containing FeCl, electrolyte (Route B). Source: Fogarasi et al [201F),
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ct al. (2018) proposed & greener ionic liquid clectrolyte that contains N-butyl sul-
fonate pyridinium hydrosulfate, ie. [BSO,HPy|HSO,, to replace H,50, in a slurry
clectrolytic system made of a praphite anode and a titanium cathode. The optimal
replacement of 10% H, 50, by this ionic liguid allowed o obtain a copper mecovery
of 80.94% with a purity of 81.69%. Finally, it is worth mentioning the technoeco-
nomic assessment for the recovery of metals from WEEE reported by Driaz and Lister
{ 2018, which compared the low-temperature electrolytic recycling technology to the
black copper-smelting operations {which also include an electrolytic step to produce
pure copperh As explained previously, the black copper-smelting route of low-grade
scrap starts with its melting and subsequent reduction using coke. An oxidizing step
is then performed to remove less noble clements like iron, kead, zine, and tin. The
more noble metalzs (Wi, Ag, Au, and platinum groups) are collected in the anode mod
of the electrorefining process. In their study, Diaz and Lister {2018) noted 8 com-
petitive alternative to process electronic waste via the low-temperature electrobytic
recyeling techoology alone when compared to black copper smelting, A significantly
Iwer capital investment can be achieved with the electrmochemical process (ie. 29 kg
eewaste per dollar of capital investment b eompared o the black copper-smelting pro-
cess (e, 1.3 kg per dollar of capital investment), This is nod a surprising conclusion
amd walidates the conventional industrial practices that use leaching and electrobytic
refining to extract copper from copper oxide ores, In this cose, the main difference is
the much higher quantity of impurities in the ewaste (compared o the oxide con-
centrate], which will require lorger electrolyte purification umnits,

« Moble metal and rare-earth recovery: The acidic sulfate electrolytic solution typ-
ically used to electrorefine copper is not strong encugh to dissolve noble metals,
which end up in the ancde mud. Because of that, a stronger electrolyte would be
required to exiract them via a subsequent electrolytic process. Lister et al. (2014)
reported such a tao-stage electrorecycling strategy (Figure 7,110 In the first stage
of the process, iron, nickel, tin, copper, silver, and rarc-carth clements are dis-
solved in an acidic sultate solution. Copper and silver are then plated at the cath-
ode. Rare-carth clements dissolved in the solution could be potentially recovered
at this stage by precipitation using sulfate double salts. In stage 2. pallidum and
gold could be dissolved in an HCL solution (via the ancdic production of C1, ) and
fimally plated at the cathode.

It 5 also to be noded that the reduction potential of copper and gold ks significantly
different (i.e. +0.34 V' vs +1.83 V relative to the standard hydrogen electrode). There-
fire, it is interesting o evaluate the possibility o electrodeposic each metal from a
single electrolytic solution selectively. This is a particularly attractive strategy if one
can find a more environment-friendly electrolyte than cyanide solution that can effi-
ciently dissolve gold such as ammoniacal thiosulfate solutions. Kasper et al. {2018)
studied the electrochemical behavior of gold and copper simultanecusly present in
such a solution. They performed electrowinning tests using graphite elecirodes to
conclude that it is feasible to use such an elecirolyte to extract copper and gold at
two distinct potentials. Unfortunately, the purity of the individual metal deposits
wis nod reported in their stedy
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Figure 711 Proposed flow sheet for a mobile electronic recycling by Lister et al. [2014),
Source: Lister et al, (2014).

7.3.3  Dther Pyrometallurgical Operations Used in Electronic Waste
Recycling

7.3.3.1 Roasting
Eoasting is a pyrometallurgical ireatment that can be used during the recycling pro-
cess of electronic waste. [t consists of heating a system to a specific iemperature in
some reactants’ presence (which can be solid, liguid, or gas). Solid-gas reactions
are often promoted in these reactors. In the case of clectronic waste, Panda et al.
(2020} recently proposed a low-temperature chlorination roasting step of pyrolyzed
WPCE using ammonia chloride (MH,CL} in air at temperatures bebween 200-325°C
[Figure 7.12).

The thermal decomposition of NH, C1 leads to the production of H,{g) and HCI(g).
The latter gaseous compound acts as the chlorination agent via a chemical reaction
of the following type (c.g. copper):

[-

Cuis} + 2HCNg) +0.50,(g) ——

CuCl,(s) + HyOg)

Thiz approsch provides o recovery of 93% for Cu and 100% for Mi, Zn, and Pb using
o roasting temperature of 300°C in the form of metallic chlorides, These metallic
chiorides could in turn be procesed vsing a molten chlonde electrodytic method
s detailed previously, Eoasting sirategies have also been used in the recycling of
permansnt magnets, Yoon et al, (2004) used oxidation ropsting at 600 °C 0 convert
M into M, 0y, which was then processed via leaching,

7.3.5.2 Molten Salt Oxidation Treatment

Molten salt oxidation treatment is another pyrometallurgical sirategy that can be
u=ed o recycle electronic waste. 11 relies on the introduction of electronic waste in
a molten salt bath (which can be a eutectic carbonate or hydroxide micciure). As
explained by Flandinet et al. (3012}, these molten salts are specifically selected for



23 Pyromenstlurgical Processes

NH,OH

Evaporator

HH, G

Figure 7.12  Flowshest of the recycling process of pyrolyzed printed cinouit boards using a
ragsting strategy. Souwnce: Panda et al. (2020} Raprinted with permission from lournal of
Hazardous Materials 2020,

their ability to dissolve solid undesirahle e-waste componenis such as oxides, glasses,
and plastics, as well as gaseous compounds (C0, and halogenated compounds). It
is gl=o important to prevent the dissolution of metals in the molten salt o recover
them more easily, it is not always desired to generate a more severe oxidizing envi-
ronment (using gir injection in the reactor tor ccample) as it could wltimately lead
to thee transfer of valuable metals into the salt. In their work, Flandinet et al, {2012)
used o eutectic KOH-NaOH molten salt at 300°C to treat WPCBs, They were able
o virtually recover all the metallic fraction of the WPCBs, This approach also pre-
vented the releass in the gas phase of most of the halogenated compounds, which
were trapped in the molten salt,

Lin et al. (2007} used a different approach based on the use of a molten
(Li.Na,K),C0, entectic carbonate salt reactor operated af temperatures between 550
amd 700°C, They also performed alr infection o promote the oxidation reactions.
Owverall, they were able to recover 95% of the copper available in the WPCE even
though they expected more copper oxidation (which should have lowered its
recovery efficiency’). Other molien salts have been studied in the literature, such as
the MaOH-Ma, 00, -MaM0, salt (Liu et al. (2006)) and LiCI-ECl eutectic mixtures
izee for example Riedewald and Sousa-Gallagher {201 5]) {Figure 7.13).

7.3.3.3 Distillation

As discussed previously, some metals (like cadmium, zine, and lead} contained in
e-waste are more volatile than others (like copper and tin). One can take advan-
tage of this property to separate and purify some metallic fractions by distillation.
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Figure 7.14 shows the evolution of the vapor pressure {expressed in log, {Patmi})
of some pure metals calculated using the FactSage software. Lead chloride is also
presented inm Figure 7.4 to see the impact of chlorination on the lead volatility.
The boiling point at 1 atm for Cd (766.5*C). Zn (9083 *C) and PbCI, (950.8*C) is
also clearly visible in Figure 7.14 (i.e. the temperature at which the vapor pressure

Baiing poird at 1 alm

Iog gt Patm

Tich

Figure 7.14 Evolution of the vapor pressure of differant metallic elemeants as a function of
tesrperature as calculated by the FactSage softvare,
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reaches 1atm), A threshold vapor pressure of 100" atm is also drawn in Figure 7,14, 1t
represents a typical vapor pressure above which volatilization becomes experimen-
tally non-negligible in open systems,

Zhan and Xu (2008} explored the possibility to remove zine from Cu-rich frac-
Lions via vacuwm separation at 1123 K, The application of 2 vacuwm lowers the ioal
pressure of the system, which incresses the volatility of all the metals ot a given tem-
perature, Using such an approach, they were able to purify copper particle obtaimed
from WPCBs from and orginal purity of 9068 w5 to a final purcity of 99,84 wi%
by wolatilizing zine, These authors presented o seres of experimental studies on
the purification of copper-rich particle using vacuum separation as reported by Ma
(2019}

7.3.3.4 Pyrolysis

Pyrolysis is another imporiant recycling operation, which allows an efficient and
more envirenment-friendly separation of organic and volatile components from the
metallic fraction of WPCE. It is defined as the thermal degradation of organic mate-
rials under vacuum or inert conditions to produece value-added products such as oil,
gas, and carbon black {Xiong et al. 2020, Jadhao et al. 2020; Huang and Lo 20200,
The use of conventional or microwave pyrolysis in recycling electronic plastics such
as high-impact polystyrene ( HIPS) and acrylonitrilebutadiene styrene (ABS) widely
cmerged in the last decade due to the several advantages it offors: (i) it closes the
loop of waste plastic stream, (i) it produces value-added products at low operating
costs and temperabure, and (iii) it potentially prevents the release of toxic gases when
compared to combustion and incineration processesi Czégény ot al., 2012; Miskolczi
ctal, 2008).

The pioneering work of de Marco et al. (2008) provides fundamental data about
the pyrolysis products of electronic wastes, According o thess authors, the solids
that remain after the pyrolysis are composed of metals and ceramics mixed with
about 3= wi% of chardike carbonacesus compounds, The collected condensable
gases produce o Iow-viscosity liquid composed of aromatic compounds (in the cose
of WPCE), The noncondensable pyrolysis gases are composed of light hydmcarbon
maolecules as well o5 significant amounts of OO0 and OOy, TS o be noted that one
major challenge that limits the use of e-waste pymolysis byproducts is the presence of
halogenated flame retardanis, mostly BFRS such as terrabomobisphenol A {TERPA).
These brominated compounds contaminate the collected liquids and gaseous prod-
ucts by producing bromophenols and release toxic emissions such as hydrogen bro-
muble { HEr) (Das et al, 2020; Ma and Eama 20019,

Pyrolysis is typically an endothermic process that requires energy 1o proceed.
Conventional pyrolysis methods of e-waste plastics or WPCE include fixed-bed
reactors (Hall and Williams 2007}, fluidized-bed reactors (Zhang et al., 2018, Guo
et al. 2000), and rotating reactors (&a et al. 2018). The performance of all these
pyrolysis strategies is well documented in the literature. The use of microwave
irradiation to perform the pyrolysis of WPCE is an interesting alternative to these
conventional methods because of the following advantages (Huang et al., 206}k
(i) it is a volumetric heating method {and therefore more energy efficient], (i) it
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is a sclective-heating method; (iii) it is 2 high-heating-rate method, and (iv) it is
an easy-to-control (start/stop) method. Zhang et al. {2021} recently proposed a
microwave-assisted catalytic process to pyrolyze WHCE.

Other scientific advances and progress in the field of e-waste pyrolysis in recent
years mainly focus on three distinet aspects, which are:

o Fundamental description of the degradation mechanisms and kinetics of WPCBs;
The reaction mechanisms and pathways for the degradation of WPCB and e-waste
plastics (o well oz their corresponding kinetics) hove been extensively studied
in the literature {see for example Yao ef al, (2020kAkenezi and Al-Fadhli {2018)
Quan et al. (2004); Cai and Shao-hong ( 20046)). Thermal analysis methods such as
the thermogravimetric analysis (TGA) and the differential scanning calornimetry
(5C ) hawe been used to identify reaction mechanisms at the laboratory-milligram
scale. Larger-scale experiments typically performed in tubular furnaces are also
frequently used in the literature to analyze and characterize the different pyrolysis
producis {i.e. the solid residue, the condensate, and the volatile fraction).

Studies on the pyrolysis pathways of WPCB reported that hydrogen bromide is
produced during the initial step of the process, followed by the depolymerization
of epoxy resing, random rupiure, and reactions of free radical fo form the different
pyrolyss products (Gao et al. 2021; Gao and Xu 201%; Ma and Kamao, 2018} The
effect of different process parameters (such as the heating rate, the carrier gas, and
the operating temperature on the degradation mechanisms and the composition
of the pyrolysis products hove also been reported by many authors (Diaz et al,
2018; Evangelopoulos ¢f al. 2017; XI1E et al. 2016).

Interestingly, the presence of copperis of prime importance during the pyrolysis
of WPCRE as it acts a= a catalyst to promote some chemical reactions, especially in
the presence of brominated compounds (Geo et al. 2021; Liv et al. 2018; Ma and
Kamo 201 8). More specifically, copper changes the pyrolysis mechanism of WPCH
by promoting the conversion of organic bromides to Br, and HBr, while reducing
the apparent activation energy (E,) of the overall pyrolysis reaction (Gao et al.
2021} Ma and Kamo (301%) also noted that the simultaneous addition of iron and
nickel particles in a bwo-stage pyrolysis bed reactor leads to a synergistic effect on
the product vields of WPCE, Their presence promodes the formation of phenol and
ciher aromatic compounds, such as benzene and ioluene,

« Recovery of metals from the solid residue: Pyrolysis of WPCE also proved to

he a promising technigue to efficiently separate the volatile organic fraction
from the valuable metallic components, The solid residue that contains these
villuable metals {along with oxides and carbonacesus compounds) is then
processed via hydrometallurgical or electrometallurgical methods o selectively
recover cach metal. Jedhao et al. (20200 proposed a new approach to recover
the metallic fraction of WPCH using a chemical-free green ultrasonication
technology of the solid residue obtained after 4 mild-temperature pyrolysis
process performed between 20 and 600" C. Many other approaches have been
proposed o improve individeal metal recovery from solid pyrolysis residoe. It
includes: (i) low-temperature alkaline smelting coupled with liguid-liquid phase
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separation [(Chen ot al. (20240), (i) combination of physical separation methods
such as sieving, gravity separation, and magnetic separation (Wang et al. 2020},
and (i} the use of higher pyrolysis temperatures (i.e. 850°C) to obtain distinct
copper-rich, lead-tin-rich, and slag-rich residues to promote more efficlent
partitioning of rare-earth elements (Khanna et al. 2018),

s Capture and stabilization of brominated compounds: Copyrolysizs of ewaste plas-
tics or WPCE in the presence of alkali and alkaline earth-based additives (such
as Ca0 and CaCO, ) significantly enhance the quality of the pyrolytic liquid prod-
ucts (Gao and Xu 201% Xie et al. 2007; Kumagai et al. 2017; Jung et al. 2012; Zuo
ct al., 2011; Bhaskar et al. 2004}, These additives stabilize the hydrogen bromide
emissions in the form of brominated salt compounds via a reaction such as the
following:

T30 T

CalNs) + ZHErg) CaBr,is) + Hy(ONg)

A= g result, bromine is not transferred to the gas phase, which prevents the con-
tamination of the collected pyrolytic oil and gas. There are still several important
scientific elements to understand regarding the identification and thermal stabil-
ity of the brominated compounds formed during the pyrolysis, which may impact
the recovery of valuahle metals.
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Recycling Technologies = Hydrometallurgy
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8.1 Background

Electronic waste (e-waste) has in its composition polymers, ceramics, and metals,
The metallic fraction can contaln critical metals, such as rare-earib-elements { REE],
and valuable metals such as silver and gold, Furthermore, e-waste can also contain
hozardous materials, such as lead, cadmivm, polybrominated diphenyl ethers, and
arsenic, Therefore, recycling end-of-life (EoL) electronic devices has economic and
environmental benefits (Chauhan et al, 2018 EASAC 2016), E-waste utilization as
a secomdary row material is o complementary route of metal production included in
urban mining, Thess sctivities also promote necessacy iechnigues toa circular econ-
oy, through recovery of metals, which were lost in waste discharge or landfilling,
However, o challenge to close the Ioop in life ole of products is the collection of
eewiste, Problems are the storage of small electronic devices and the lack of colbe-
tion strategy. People must realize that it is better to dispose of the old smartphone
im & collection point for recycling instead of storing it {Chauhan et al, 2018; Tesfaye
ctal, 2017

Ome challenge with e-waste recycling is related to technological advancement
and the programmed obsolescence of this equipment that generate an increasing
amount of residues with a heterogeneous composition (Babu et al. 2007; Racle
ct al. 2007; Wang et al. 20017} Although wnit operations for secondary source
processing are similar to primary sources, recycling of e-waste has advantages, such
as reduction of extraction of raw materials from nonrenewable resources, a higher
metal content when compared with natural ores and the collaboration to waste
management, reducing contamination of environment with inappropriate release
of metals, and energy savings due to lower-energy requirements o process wasie
instead of using natural ores (Tesfaye ef al. 2017

Currently, e-waste recycling is done initially by pyrometallurgical route, which
provides viable recovery of metals in industrial scale. However, the following
hydrometallurgical process is necessary for a possible total separation and recovery
Elevironic Waste: Bropeling ard Beprovessiag Jor o Sustoinebie Future, Fist Edilion.
Edited by Mara E Holuszkno, Amit Eumar, and Denise C. B. Espinosa.
12022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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of metals, Thus, hybrid routes of c-owaste processing are more common than
pyrometallurgical exclusive route. In this context, Umicore can be mentioned.
Located in Belgium, Umicore is & company that industrially recovers metals from
waste clectrical and electronic equipment (WEEE) Initially, clectronic scrap
undergoes pretreatment (proeprocessing or mechanical processing), pyrometallur-
gical route, and, later, recovery/refining by hydrometallurgical process (Cui and
Anderson 2016

Steel recyeling uses entirely pyrometallurgy to recover iron from large houschold
applianees as refrigerators. This overview indicates that there is a technological
opportunity to scarch for sustainable hydmometallurgical e-waste recycling. Tailing
generation, toodc and expensive reagents are difficultics to be overcome. [F these
problems are solved, hydroprocessing can be applied industrially for recovering
different metals from the heterogeneous ewaste composition (Chauhan et al, 2008;
Tesfave et al. 2007

Hydrometallurgical echnigues consist of chemical reactions in agquesus medium.,
Extraction of metals is performed by chemical leaching, usually followed by stages
of purification and recovery of the pregnant leaching solution (PLE) (Gupta 2003;
Peres et al. 2009; Tesfaye ef al, 200170, In the leaching process, the transfer of metals to
thie Ligquid phase occurs, The emploved leaching solution may be acidic (e.p, H, 50,
HMOy, and HCL solution), alkaline (e.pg. MoOH, NH;, and Mo, C0; solution), saline
(g CulCly ), or even water (Gupta and Mukherjee 1990; Jackson 1936; Swain and
Mishra 200190, Other lixiviants (ep cvanide, halide, thivures, and thiosulfate) ane
significant, due to efficacy in precious metal recovery {Mamias 2013} The purifica-
tion and recovery steps can ocour by selective chemical precipitation/cementation,
sobvent extraction, ion-exchange resing, and electrorefining methods (Gupla and
Mukherjee 1990 Perez et al, 2009; Silvas et al, 2005; Tesfaye et al, 2017),

The first step in hydrometallurgical processing before the leaching of metals
from electronic is the dismantling, separating, and comminuting. Dismantling and
manual separation can concenirate metals in e-waste, thereby reducing the use
of chemical reagents during leaching. Magnetic separation can separate iron
hefore leaching, thereby reducing the use of reagents and facilitates purification
of leaching solution (Chauban et al, 2018; Tesfaye et al, 2017, Valix et al. 2007}
Polymers or ceramic materials present in e-waste could hinder contact of metals
with leaching solution, as presented by Valix et al, {2017),

Hydrometallurgical processing of e-waste , in contrast to pyrometallurgy, can be
controlled o selectively recover different metals, even those present in ppm concen-
tration. Aqueous processing also reduces gas emitted and requires less energy than
smelting metals in furpaces (Gupta 2003; Swain and Mishea 2009).

The optimal condition for leaching metals from e-waste depends on pulp den-
sity, temperature, time, particle size, percentage of magnetic fraction, and mixing
velocity. Polymer coating hinders the contact with leaching solution, also influenc-
ing hydroprocessing. and is related with parameters such as particle size, solubility
in the solution, and degradation. Some authors show a desoldering step that facili-
tates the leaching of copper, gold, and base metals from electronics. Desoldering is
made by leaching with fluoroboric acid, which removes lead and tin, and separates
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the nonmetallic components, The residue is then leached to recover copper, zin,
nickel, silver, palladivm, and gold (Ashig et al. 2009; Kamberovid et al, 200%; Mamias
2003 Valix et al, 2007)

Several studies have been carried out on the recycling of WEEE through hydromet-
allurgical routes and/or hybrid routes, Even in hybrid rowtes, the hydrometallurgi-
cil technigque is used in the metal recovery and purification stage, a5 it manages
o treat several metals present in solution, even in low concentrations (on a ppm
scalel. Thus, this technigue is used for recycling WEEE such as printed circult boards
[PCRs ), photovol taic modules {PV), batteries, and light-emitting diodes (LEDs). Due
1 the constant change in the composition and amount of waste generated each vear,
hydrometallurgical processing must always be in constant adaptation and study.
This technique allows the recovery of several materials present at the same time
in solution, in different concentrations.

8.2 Waste Printed Circuit Boards (WPCBs)

PCHs are present in almost all electronics products, such as air conditioners, televi-
sions, computers, mohile phones, and printers (Ming et al. 2007; Zhow and Criw 20007,
They are nonconductive substrates that electrically connect the circuit components,
and they can be made up of about 3% polymeric materials, 306 ceramic materials,
and up to 40% metals (Li et al. 2004; Eaya 20016; Silvas et al. 2005). Studies cstimate
that the fraction of PCBs in e-waste (by mass) can vary from 3% to 8% (Cucchiclla
ctal, 2015; Racle et al. 2017).

Several studics report routes for characterization and recovery/concentration of
metals in waste printed circuit boards (W PCBz) such as mobile phones {Camelino
ct al. 2015; Jing-ying et al. 2002; Petter et al. 2014), digital video discs { DV players
and vecuum cleaners {VCs) {Kumar et al. 2015), printers (Silvas ct al. 2015), and
compuiers (Veit et al, 2005, Yamane ¢f al. 2011),

Table 5.1 shows the mass percentoge of the main metals in different WPCBs, Due
to this complexity and heterogeneity of the composition of different types of existing
WPCEs, the release and recovery of the metals present have become o challenge for
the existing studies. Different routes hydrometallurgical can be adopted depending
on the materials of interest (Cui and Anderson 2006).

Roscchettl e al. {201 8] presented a study with various patents on recycling WPCHs,
The survey and search for these patents were updated until July 2097, The main
processes based on the analysis of these patenis are shown in Figure 8.1,

Figure 8.1 presents a flowchart (llustrating a general outline based on the soudy
that was carried out on existing and updated patents until 2007 (Eoccheiti et al.
2ZMEL The main processes that can be included in the recyeling of WPCBs have
been shown. However, these steps can be modified, depending on the metal
of interest, the awvailable technologies, and the type of WPCE. Generally, metal
recycling/recovery in WPCEs stans with a pretreatment that is directed toward
the removal of components (e.g. capacitors and transistors) from WPCHs through
physical and manual processes (Silvas et al. 30150 Pretreatment may lead to the

1a7



168

& Becyrling Tectoalogies = Hyarometaliongy

Table B.1  Mass percentage of main metals in different WPLCBs.

Yamane  Silvas  Kasper Guo Behnamfard Yamane Kumar  Kwmar

WPCE et al. et al, et al et al, et al. ot al. et al, et al.
sample  (2011) (2015} (2011)  [2011) (2013} {2011}  [2015) (2015}
Mabile
phones  Compater
tobile {other  mother- Parsonal Wacuum
phomes  Printer  brand]  boards Compister  computer  DVD cleaner
Ag 21 131 005 DA0ZE OO0 0.1 2 -
P - - - - (1.00128 - - -
Al {h26 1.73 a1l 1.32 2011 57 1010 326
Au {r0dy (0l o4 005 o3 01% - -
Cu 44 3250 ivEl 7.5 19,1587 2019 17.50 T.0d
T 1057 142 4.85 L6 1.133 T.33 5.3l 4 40
i 263 h34 254 04 (.1465 043 (.34 26
Fh 1.87 {0y 1.23 241 0.385 553 513 17
sn 34 L5946 255 143 0.654 BER3 257 75
Zn .92 (kg 1.82 A6 IR 4 A8 1.5 .54

recovery of electronic components and the manufacture of Sn {Rocchetti et al.
201K,

Processing and/for concentration are stages that may include physical-mechanical
processes such as comminution; granulometric classification; and magnetic, elec-
trostatic, and density separation. These processes are performed for size reduction
and particle separation, and they are often a prerequisite for additional treat-
ments for metal extraction technigues (hydrometallurgical, pyrometallurgical,
biohydrometallurgical, and electrobydrometallurgical, in addition w hybreid or
combined routes) (Velt et al. 2006 2004; Zhang and Xu 2018), Dismantling and
physical-mechanical processes should be used when there is a need to release and
separate metallic components from WPCR Io expose metals io subsequent chemical
processes (Cul and Anderson D16,

Kumar et al, (20015} reporied the use of physical processing for the generation of
a concentrate enriched with the metals of interest for subsequent selective extrac-
tion through hydrometallurgical processing. The authors processed WPCEs of DV
and ¥Cs by dismantling, comminution, homogenization, pneumatic separation, and
froth flMation. Metal concenirations in DVD WPCEs obtained in waste characteri-
ation were 43 {wi'i), 85 (wi%) in concentrates from frodh flotation, and 75 (wis)
from pneumatic separation. For VC WPCEs, through applications, these methods,
the total guantity of the metals in characterization was 30 {wi%), and in concentrates
from froth flotation and pnewmatic separation was 9 and 65 (wi%} total metals.
Therefore, this work obtained an enriched metal concentrate according to studied
conditions, and this material can help the stages of extraction, recuperation, and
purification of the metals.
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Figure B.1 General Nowchart illustrating the whale recycling value chain af the WPCE.
Sowrce; Adapted from Rocchetti et al, (2018)

The recovery/purification stage is carried out o recover clements of interest
through hydrometallurgical technigues. This stage can occur by selective chemical
precipitation or cementation, solvent eximction, ion-cachange resins, and elec-
trorefining/electroplating methods (Kaya 2016, Perez et al. 2019, Silvas et al. 2015;
Tesfaye et al. 2007

The extraction and recovery of metals can be carried out using various leaching
agents. Awasthi and Li (2017} presented a revision with different leaching agent
studies for extraction, recovery, and purification of W PCBs metals. Some of them
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reached recoverics of more than 9FE of Au, Apg, Cu, Pd, and Zn. Some of these
leaching agents checked were sulfuric, nitric, and hydrochloric acid, ammonia, and
thicsulfate. These reagents were also applied in combinations intended to be syn-
crgetic for metal extraction. The authors also compared the leaching rates, cost,
toxicity, corrosion behavior, and reliabilities of lixiviants, Thiourea was well assessed
in all categorics, and cyanide had the dispdvantage of toxicity. Chloride and agqua
regin were badly rated because they have aggressive corrosive behavior. Theretore,
the application of chloride and agua regia can be a problem in industries.

Table 8.2 presents 8 compilation of results tor the extraction and recovery of
WPCHs by leaching processes that have been reported in several studies. Jing-yving
ct al. (3012) studied the effects of particle size on the extraction of metals (Au and
Ag) from WPCEs of mobile phones. They also verified the best conditions for the
concentration of leaching agents (thiowren and Fe™) and temperature, The study
wias able to obtain, in two howrs of reaction, with particles of 100 mesh, ina leach
solution with 24 g/l of thisures and 0.6% of Fe™ and room temperature, about 90%
of A and 50% of Ag,

Silvas et al. (2015) described o hydmometallurgical extraction process for copper
recovery from printer WPCBs, The process was peclormed in two subsequent leach-
ing steps; the first in sulfurc mediom and the second in oxidant sulfuric medium.
The metallic froction present in the waste was 44.0wt%, whose main metal was
copper 32.5wi%, In the sulfuric leaching, 90wi% Al 40w1% Zn, and B.6w4% Sn
were extracied. In the oxidative leaching, the extraction percentage was 100wi% Cu,
GOwE% Zn, and 10wi% Al Thus, at the end of the proposed hydrometallurgical pro-
cessing, the extraction results were 100% Cu, The recovery was $8.46%, which would
correspond o 32 kg of Cu for 100 kg of residues of these WPCBs,

Complementing the studies abour Cu leaching technigues, Correa et al. (Z013)
studied a moute for purification and recovery of this metal of interest, This route
was composed of an extraction step (oxidative sulfuric leaching) and another subse-
quent solvent extraction step for purification and recovery of Cu, In the extraction
step, the nonmagnetic fraction of the WPCBs was ground and leached, according 1o
Table 8.2. This step was similar to the study of 3ibvas et al, (201 5), Extraction results
were B0 W% Al 8wt Cu; Zn, N, and residual Fe. Subsequently, the solvent extrac-
tion step (applying DZEHPA) was performed in two steps: (i) separation of residual
Zn, Al and Fe; and (1i) copper separation. In the first stage, metals were removed
from the solution 10 wWi% Zn, Fe, and Al pH 3.5, 2 1 1 aqueous/organic ratio (AN,
105 (&) DZEHPA were used. [n the second stage, 100% of the copper was extracted
atpH 3.5.1:1 ASO, 208 (wiv) DZEHBA,

Wang et al. (2019) performed the separation and recovery of Cu from PCR extrac-
tion solution because the composition of the leach solution (mainky Fe) could affect
this recovery. The solvent exiraction technique alse was used, in which the con-
centration of the organic exiractor Acorga M3e40, pH of the aqueous phase, phase
ratio [(0/A), contact time, and the concentration of H, 80, a5 a stripping reagent were
studied for recovery Cu. Thus, in the extraction solution containing Cu {6.166 g/T)
and Fe (57.5g/1}), under defined ideal extraction conditions {16% M5640, pH = 1.1,
/A = 11, contact time three minutes and 25™C) and stripping (2.5 mol/1 H,50,,
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/A = 171, contact time three minutes, 25°C and five stages), more than 88.6% Cu
and less than 2.4% Fe were transferred o the recovery solution for these e-waste.

Different from Correa et al. (2018) and Wang et al. (2019), Meto et al. (2016) stud-
ied extraction, recovery, and purification of Cu in motherboards with ion-exchange
resing. Initially, they obtained a multielement leaching solution with 758% of the total
amount of Cu of the residue. After this leaching, a bispicolylamine resin was used
to recover 59.0% Cu, and a final Cu solution with high purity (99.0%) was obtained
after eluting, with H,50, (4 mol/1} in the colummn,

Kasper et al. {2011) also recovered Cu from mobile phone WPCBs. Thoy used
mechanical processing technigues for concentration of iron in the magnetic fraction.
copper in the conductive fraction, and another fraction with polymers and ceram-
ics. Magnetic separation concentrated 604 of Cu. This metal fraction was extracted
through leaching in agua regia (solid/liquid ratio of 1 ; 20, under magnetic stirring.
hesating at 60 °C, for two hours), Subsequently, the sodution resulting from the extrac-
tion step was electmwinned for Cu recovery, The electrolvtic cell was assembled
with a Pt anode and a Cu cathode, and different variations of current densities (1, 3,
and 6 Afdm*) and deposition times (30, 60, %0, 120, and 180 minutes) were studied.
Thus, 92.8% of the dissodved copper was recoversd.

Table 5.2 also presenis the study of Behnamfard et al, (20013) that proposes a new
hydrometallurgical process for the selective recovery of Cu, Ag, Au, and Pd from
PCRa They propose a hybrid route that is composed of leaching processes and
precipitation/cementation {Figure 8.2).

As shown in Figure 8.2, about 99% of the Cu confent was extracted after the mwo
consecitive leaching steps in an oxidizing sulfuric medium, The solid residue from
the second leaching step was treated (ackd thiourea + ferric iron as an oxidizing
agent), and an exiraction of B5.76% Au and 71.36% Ag was obtained. The precipi-
tation of Au and Ag from this third lixiviation was investigated in which sodium
borohydride (5BH} was used as a reducing agent. The leaching of Pd and gold
(from the solid residue of the third stage) was carried out in the leaching system
MaClO-HCI-H,0,. The tofal amount of Pd and Au resulting from the chloride
leachate was precipitated wsing 2g/1 of 3BH. Thus, they proposed a process flow
chart for the recovery of Cu, Ap. Au, and Pd from the PCE.

These studies show that the quantity and diversity of metals present in WHPCHBs
can also vary according to the type and year of manutacture of the original eguip-
ment [(Kasper et al. 2011; Veit et al. 2006). This metal fraction can transform PCB
SErap into an inferesting row materal according o the environmental and economic
pavimits of view, assigning high-added value o the e-waste through reusing it in the
manufacture of other products (Hadi ef al. 2015; Mdlovue et al, 2008).

8.3 Photovoltaic Modules (PV)

Since the Mk, the photovoliaic module technology has been extensively used
due to the increase in cell efficiency and the decrease in production costs. The total
world production of photovoltaic energy rose from 275 MW {megawait) in 2000
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to 56000 MW in 2012 (Klugmann-Radziemska and Kuczynska-Lozewska 2020;
Tammare ¢t al. 2015). These PY modules have a life span of around 25-30years;
hence, it is estimated that the amount of waste will increase from 2030/ Klugmann-
Radziemska & Kuczynzska-Lazewska, 2050; Tammaro ctal, 2015; Dias ot al., 2016b).

Types of PV modules can differ according to produection technologics and semicon-
ductor materials. PV modules can be classified as first, second, or third generation,
depending on the production technology, The first generation is composed of crys-
talline silicon (c-51), which can be monocrystalline, and polycrystalline or ribbon
shects (approximately 8068 of world production). Second generation is formed by
thin-film amorphous silicon {a-5i), cadmium tellurde (CdTe), multijunction cells
[a-3i-1c-5i ), copper indium gallium diselenide {CIG5), and copper indium disclenide
[CI5]). Third generation is composed of photovoltaic concentrator (CPY) and emerg-
ing technologies (Dios ef al. 2006:; Tammacs ef ol 20015; Tao and Yu 2005),

Industrial-scale recveling processes silicon photovoltaic modubes covstallime (e-5i)
at BolarWord, First Solar, and ANTEC Solar GmbH companies were cited in Tao and
Y (200 5) studies, SolarWorld recyeles silicon through caleination (600°°C) of these
masdules (for thermal decomposition of ethylenevinyl acetate [EVA]D, and, subse-
quently, the solids are manually separated into factions with glass, Si-cells, and
metals Then, the semiconductor is purified by etching, and recovering the glass and
semicomducion First Solar is a manufacturer that recvele CdTe thin-film modules.
The modules are comminuied (shredding 4 hammer milling), and, later, they are
leached in oxidizing sulfuric medium in stainless steel drum, The company recow-
ers 90% of gloss, 95% of semiconductors, and 80% of tellurium. ANTEC Solar GmbH
haz a piled plant in Germany for recyeling CdTe and CdS modules, The initial step is
alzo physical disintegration, which is followed by calcination at 300 °C in an oxygen
atmosphere, An etching step ocours when exposing the resulting fragments in achlo-
rine gas atmosphere and the condensation of CdCL, and TeCl, occurs, and these
compounds can be precipitated by cooling,

Latunussa et al, (20060} summarize the SASIL 5 pA. project in which it was called
full recovery end-of-life photovoltaic (FRELF). SASIL SpA, created a pilot-scale
plant for recyeling o5 modules in which FRELF uses mechanical and chemical sep-
aration steps, This project became an industrial-scale plant with a processing capac-
iy of 10 up o 8000 tyear of crvstalline-silicon waste PV modules { Latunwssa et al.
Z016a), Figure B.3 presents a proposal for the recovery process of silicon photovol taic
waste in FRELP

The photovoltaic waste recycling process proposed/developed by the SASIL
photovoliaic waste treatment project (Figure 8.3) consists of a sequence of processes
(transport of waste PV modules, unloading of the waste panels, disassembly,
cable treatment, incineration of cable polymers, glass separation and refinement,
cutting of modules, incineration of encapsulation, and back-sheet layer with energy
recovery, sieving, acid leaching, filtration, electrolysis, neutralization, and filter
press) that are described in detail in Latunussa et al. 2016a. SASIL can recover about
9% Ag, 9% Cu, and 99% Al {Latunussa et al. 2016a, Z01ab).

Studies of Wang et al. {2012} have proposed a thermal method o separate materials
(such as silicon, glass, and metal} from conventional crystalline silicon modules.
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Two steps of thermal processing were carricd out, and the EVA was burnt. The glass
plate was recovered without breaking, and the copper could be recovered (85%) in
further acid treatment.

Dia= ct al. (¥016a) studicd charmcterization of PV waste modules {c-5 modules),
and they checked if Ag could be leached by hydrometallurgical procedures. To obdain
the semiconductor material, the modules were cut and immersed, for two days, in
H,50, (93%), at mom temperature and constant agitation. This dry and ground
material was leached with HNO, (64% ), for two hours at room temperature, and later
analyzed chemically, In thess modules, the Ap content was 600 g/t

The estimated amount of silver is 10 of silver/m* of photovoltaic panel produced.
Silver scrap recvcling ploys an important role in the silver market as it accounts for
i third of the total market (Latunussa et al. 20166), Even so, in the literature con-
sulted, few published works addressing the recovery of slver from solar modules
were foumnd.

The extraction of silver from crystalling silicon modules was performed at 20°C
and 407C by ¥i et al. (2014), H,50,, HCL, and HNO, (the concentrations varied
from 1 o 3mol/T) were used as leaching agents with a solid/liquid ratio of 1 5
for two howrs. Mitrke acld extracted abowt 1005 of the available silver, while sulfuric
and hydrochloric acids recovered 10% less silver in rwo hours, even al a concentra-
tion of 3 mol/l.

The recycling of several metals present in PV modules, such as Ag, Cu, Al, Ga, In,
Ge, and Te is not yet explored. Latunussa et al. (2016b) report that glass, Al and Cu
make up most of the PV mass. However, despite the untapped economic potential,
these materials are lost in the EoL of crystalline FY modules. Yi et al. (2014) affirm
that Ag. Cu, and Al will be the metals of interest in PV recycling between 2030 and
2050 and that these metals cormespond to US3 0.54-1.70°W of the cost of crystalline
silicon modules. Hence, in future, recycling strategics will no longer focus mainky
on 5i recovery, but on metal recovery. In this context, hydrometallurgy routes tor
recovering these metals from PV modules should be further studied and explored.

8.4 Batteries

Batteries are present in many electronic devices o supply energy, thereby allowing
autonomy, Mobile phones, lapiops, tablets, camerss, and recently electric cars
require batteries, which use critical materials and generate a great amount of waste.
Batteries can cause a podential environmental impact due o their composition of
hazardous metals, such as cadmium, lead, and mercury (Bernardes et al, 2004).
There are two main groups of batteries: primary and rechargeable, The rechargeable
batteries include lead-acid, nickel-cadmium, nickel-metal hydride (MiMH], and
lithiwm-ion (Zeng et al. 2014),

The recvcling processes for batleries can be applied through pyrometallurgical
routes, hydrometallurgy, or a combination of these two extractive methodolo-
gies. Examples of hydrometallurgical processes for batteries are THO process for
MiCd batteries; BATENUS process for most hatteries types; ZINCEX process for
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Zn-bearing materials; and RECUPYL for most batteries types. UMICORE process
for Li-ion and MiMH batteries is a hybrid process { Goodship and Stevels 2002 )

THO process initiates sorting batteries and selecting NiCd to comminution and
hydrometallurgical step. The fraction with granulometry above 3 mm is Ferich, then
is submitted to magnetic scparation, and the magnetic and non-magnetic portions
are washed in HC to remove Cd. The washing solution is used to leach commin-
uted fraction (with granulometry below 3mm) at 90°C. Leaching liguor is purificd
with solvent cxtraction to remove Cd and then Fe is removed by precipitation. The
final purified leaching solution is used to recover i by electrolysis process, Strip-
ping solution of Cd solvent extraction i also submitted to electrolysis to recover this
metal (Erkel 1995)

In BATEMUS process, batteries pass through a sorting step with sieving, Button
batteries are separated and sent o be treated in another process, The remaining
are shredded, sieved, and magnetically separated, Fine fraction is leached and solu-
tiom purified to recover Zn, Hg, Cu, Mi, Cd, and Mn (Frihlich and Sewing 1995}

Hydrometallurgical processing s commonly execuled after the discharging
and dismantling of spent batteries, In the cose of lithivmeion, dismantled parts
are composed of sepacators, cathodes, anodes, and shells; electoodvie salts and
ciothodes are the lithium-containing components; anodes are made of a carbon
material, copper, active substances, and organic binder, Cathode-active materials
are commonly keached by acids to selectively extract metals, such as cobalt, nickel,
manganese, and lithium, However, some studies indicate the use of NaOH leaching
during dismantling step to dissolve cathode aluminum foil, The powder collected
after filtration is then heated w0 bum organics, and exhavsted gas s managed
due to its hazardous content. The calcimed material is grounded and leached by
acid to extract metals, Organic acids are preferable in environmentally sustainable
methods, such as lactic, gluconic, and tartaric acids (Ashig et al, 2019; Mavaka et al.
21 9; Enshanfar et al. 2019; Sigi et al. 2019),

Existing industrial recycling processes for spent Hihium batteries, which involves
hydrometallurgy, are the Toxco process, which was developed to avoid risks with
Li explosion, through cryoegenic treatment; and Umicore VAL EAS process, which is
a hybrid pyro-hydro process of spent Li-ion and NiMH batteries to recover Ni, Ca,
Cu, Fe, and Mn, with exception of Al and Li that are lost (Georgi-Maschler et al.
20020

Lietal {201%) presented a review on clean recovery of lead-acid battery, based on
alkaline or acid leaching to extract lead. Thesa batteries represented more than 50%
market share in 2015 Some processes involve organic acld leaching-calcination,
which is the main technology published for batteries. CLEANLEAD |, PLACID,
and PLINT processes are examples of Pb recycling from spent baitteries. PLACID
and PLINT processes consist of leaching battery pastes, purification of leaching
solution, and metallic lead production, which differ in electrowinning for PLACID
process and precipitation for PLINT. CLEANMLEAD just produces desulfurized
pastes through leaching for further processing (Andrews et al. 2000, Discussion
suggests that that hydrometallurgical process is preferably applied, if compared with
pyrometallurgy, due to its environment-friendly characteristics. Other technologies

177
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are reagent leaching—clectrowinning and alkaline leaching-crystallization (Li ot al.
2019).

Provazi et al. (2011) studied the separation of metals from g solution composed
of a mixture of the main types of houschold batteries. This solution was prepared
by grinding several batteries, and the reduction and elimination of volatile met-
alz took place in an oven. The extraction step was performed by acid leaching
(=olid/liguid ratio 1 : 10, H,50,-1 M, ai mom temperature, for 24 hours), Thus,
tw hydrometallurgical routes were applied: selective precipitation with sodium
hydroxide (MaOH) and solvent extraction using Cyanex 272 acid, In the selective
precipitation step, a solution of NaOH (2 M) was added o the liguor resulting from
the sulfuric acid leaching step o increase the pH of this sdution, so selective pre-
cipitation can oceur For solvent extraction, Cyanes 272 (0,6 Meextractor) wos wsed
and kerosene was used as o diluent, In this comparative study, solvent extraction
obfained the highest recovery rates 99% for Zn (pH 2.5); above 95% Fe, 90% Ce, BE%
M, Cr, and Co (pH 7.00; more than B5% NI {pH 3.0} and more than 80% Cd and
La (pH 3.5}

8.5 Light-Emitting Diodes (LEDs)

LEDs are dominating lighting market, with expectations of 74% of market share in
203, and are present in various types of eguipment {displays from smariphones,
TWs, lapiops, tablets, and lamps), due to their energy efficiency {Mizanur Rahman
ctal. 2007

Hydrometallurgical processing is also expected for metal recovery in LED waste.
Elements such as ytirium, cerium, europium, and gallium are the focus, because
they are critical and gold is a precious metal. As a lamp phosphor LED rare carth
clements (REE) may have a distinct leaching behavior. Yitrium and europium
from fluorcscent lamps are leached casily when compared with other rare-carth
elements, In these cises, leaching efficiency is more significant than leaching rate,
Other benefits from diverse leaching kinetics are the selectivity, Leaching of REE
may be performed with the duration of more than 24 hours with separation of
rare-garth phosphors in different leaching steps (Tha et al. 2006; Tunsu f al, 2005},
Contribution of Famg et al, {201 8) assessed criticality amd recyclability of LEDs in dif-
ferent codors and products, based on cost for processing, supply risk, environmental
impact, technology availability, composition, and total amount of materials,

Ruiz-Mercado et al. (201 7) proposed a process of metal recovery from LEDs, which
used hydrochloric ackd and ammonia as leachate. Ar the initial leaching with HCI,
the REE were dissolute and the solids were releached with NH, o separate sil-
ver from indium and gallium nitrides, The solution from initial leaching precipi-
tated cerlum oxide and in the remaining solution rare-earth metals are recovered
by sodvent extraction. Aqueous steip solution containing Bu and Y was separated by
selective reduction and precipitation, producing respective oxalates, which were cal-
cined to oxides. Figure 8.4 shows schematic flowchart with proposed route o recover
rare-garth metals from the LED.
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Flgure 8.4 Recycling flowchart of REE recovery from LED waste . Source: Rulz-Mercado
et al. (2017}

Maarefvand et al. (2020) studied the recovery of gallium from LED waste based
on a process of oxidation and subsequent leaching. Gallium in LED is present as
nitride. However, leaching gallium oxide s preferable due to refraciory characteris-
tics of gallium nitride, Oxidation step at 1100°C facilitates leaching, which reaches
91.4% of Ga recovery using 4 M hydrochloric acld, at93 "C. Increasing oxidation tem-
perature may unprivilege leaching. because surface area decreases and grain size
imcreases, which reduces the contact with acid. Zhoaw ef al, {20019) treated the LED
waste through a pyrolysis step at 460 "C before leaching. Escaping from inorganic
acids, leaching was performed with oxalic, citric, and DL-malic acids, oxalic acid
being a better option due to 83.42% of Ga recovery, which was higher and with mod-
ifications reached 9 6% of efficiency at optimal conditions (90 °C, pulp density of
102/, 0.7 M of acid concentration and particles size between 48 and 150 pm). In the
same study, a possible mechanism of gallium reaction with oxalic acid and precipi-
tation of iron oxalate was proposed {Maarefrand et al. 2020; Zhow et al. 20197,
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Leaching can also be performed under pressure in autoclaves, reduce the con-
surmption of acid, and give better leaching efficiencies. Studies affirmed an increase
of extraction in pressurized leaching, such as the recovery of yitrium and europium
from spent fluorescent lamp tubes during four hoursof leaching. at 125°Cand 5 MPa
(Jha et al. 20016}, and gallium leaching from GaM waste of LED industry, at 23 atm,
2H°C, in four hours (Chen et al. 2008

Murakami et al. {2015} studied the recovery of gold by lon-exchange method
from LED leaching solution, obtained by leaching with agqua regia in an autoclae,
at 80°C, 1atm, during 24 hours, The adsorption resin needed to be used in low
aqua regla concentrations o avold decomposition of the amine group and improve
the recovery efficiency, Elution was made by thiourea solution, and gold was
precipitated from this solution using sodivm borohydride o reduce pold, Gold was
produced with a purity of 1005,

8.6 Trends

E-waste processing keeps changing as long as there are technological advances of
clectronic products. New eguipment, such as electric vehicles batteries, compact
PCBs, organic light-emitting diodes (OLEDs), and flexible smartphones, will reguire
renewed recycling processes. Hybrid car batteries, as an example, may contain
cobalt, nickel, and rare earths in a MiMH battery, which has an average weight of
50 kg, and is necessary to develop a metal recovery process (Petranikova et al. 2007
Sethurajan et al. 2019

A novel and potentially greener technology applied to extract and recover metals
from electronic wastes and thelr leaching solution is the wse of fonic Hguid (IL), [Ls
have low wolatility, low combustibility and high extractabiliny, and thermal stabil-
ity, making them environmental friendly (Chauban et al. 2008} These liguids have
heen wsed in studies o separate REE and rransitional metals alzo applied in WEEE.
Common functional groups in 1L constitution are imidazolium, pyridinium, pyrro-
lidinium, ammoniwm, sulfonium, and phosphonium, which can functionalize 1L o
extract specific metals (Huang e al. 2004; Sethurajon ef al, 200%; Tunsu et al, 2005
Zhou et al. 2018),

Supercritical Muid technodogy is a recent method o recyele metals and deteri-
orate polymers in ewaste, Supercritical fluid is an efficient extraction media due
to its properties of low viscosity, low surface tension, high mass transport cocthi-
cicnt, high solubility and diffusivity for organics. These fluids are pressurized in
2540 MPa pressurcs with iemperatures varying from 350 to 550°C, Studies with
the recovery of metals from WEPCBs using supercritical fluid show metals concen-
trating on solid products of the treatment. Another variation of this process is the
combination of supercritical water oxidation and clectmodeposition process, which
decomposes organics with oxidative environment and turns metals into oxides; these
oxides are soluble in chloride media and deposition ocours in electrochemical cells
(Ram et al. 2014; Zhang and Xu 2016}
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Magnetic nanohydrometallurgy is a potential technigue for metal recovery from
waste eleciric and electronic equipment. This novel process applies magnetic
nanoparticles, which are designed with functionalized organic compounds to
extract specific metals from leaching solution. These particles ensure selectivity,
being capable of recovering the metal through electrowinning combined with its
magnetic attraction. When deposition is completed, nanoparticles are recomposed,
being liberated to close the loop (Condomitti et al. 20012).

Magnetic nanoparticles are versatile, with many benefits such as the use of
compact reactors, low-energy demand, non-aggressive conditions of use, reduced
consumption of solvenis, multiple design possibilities giving selectivity to capiure
metals of interest. It is important to highlight that magnetic nanoparticles may sep-
arate rare-earth elements, such as lanthanum and necdymivum, in three extraction
stages {Almeida and Toma 2016; Condomitt et al. 20158
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9.1 Introduction

Riokpdrometallurgy is one of many different processes for metal recovery. As
a highly interdisciplinary field, biohydrometallurgy combines microorganisms
and their metabolites (—hio) in & mainly aguatic environment {—hydro} and the
treatment of metal-containing materials or solutions {—metallurgy) for metal
production and treatment. [t is applied to many different metal-rich materials
from primary mineral sources, secondary mining products, and numerous man-
ufactured resources (Watling 2015) Biohydrometallurgy vses bisdogical tools for
the processing of primary ores for many years = especially in case of bioleach-
img, Besides that, special biological tools can enhance the metal recovery from
manufaciured resources such as technical waste products, processing wastes,
industrial waste waters, and other secondary sources (Pollmann et al. 2008} In
nature, multiple processes exist that influence biogeochemical cvcles of elements,
These microorganism-driven processes contribute o bioaccumulation, bioweath-
ering. biomineralization, and precipitation or microbial reduction. Using these
bio-inspired processes promotes biological recycling strategies as well as several
clean indusirial processes, bio-based materials, and bioremediation. Modern
bin-based approgches that are currently being developed for the recycling of valu-
able elements found in technical products contribute to a “green” circular economy.
Main processes in biohydrometallurgy are bioleaching, biosorption, bioflotation,
and bioreduction,

9.2 Bioleaching: Metal Winning with Microbes

Rideaching is defined as the extraction of metals by the metabolic activity of bacteria
(direct hioleaching) or metabolic compounds {indirect bioleachingy It is applicable
to metal extraction from low-grade ores, beneficiation of ores or coal, removal of
toxic metals, and recovery of metals from waste materials.

Elevironic Waste: Bropeling ard Beprovessiag Jor o Sustoinebie Future, Fist Edilion.
Edited by Mara E Holuszkno, Amit Eumar, and Denise C. B. Espinosa.
2022 WILEY-VCH GmibH. Published 2022 by WILEY-VCH GmbH.
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2 Beovoling Technnlogies = Biatarrametalivngy

banmy biolecaching studies concentrate on the metal extraction from ores, but
the processes can be applied principally also to other sources such as industrial
residues and waste materials that can be considered as an artificial ore. During
the last years, numerous studics were published that describe the application of
bioleaching approaches for the recovery of metals from various technical and
industrial waste products, e.g. fly ash from municipal waste incineration, electronic
scrap such as printed circuit boards from computers and mobile phones, spent
catalysts and batteries, and others. Bioleaching approaches on industrial residues
and waste materials are based on the wse of chemolithoautotrophic bacteria,
heterotrophic bacteria, veasts and fungi, and cyanogenic bacteria. Most studics with
chemolithoautotrophic bacteria vused the acidophilic organisms Acidithiobacii{is
Jerrooxidans or A thisoxidans (e.g. Brombacher ot al. 19498; Gholami et al. 2011;
Karwowska ef al, 2014; Mishra et al. 2008), These approoches obtaimed relatively
high leaching efficiencies (in many cases of =80% of metal=) but required the addi-
tion of sulfur and acidification of the cultivation media o maintain bacterial prowth
and solubdlization process, Studies describing approaches with heterotrophic
microorganisms used bacteria, fungi, or vests that produce diverss organic acids
such oz citric acid, pluconic acid, or acetic acid as lixiviant for the respective metals.
Especially the fungus Aspergillius miger was used for a broad range of materals
[Bosshard et al. 1996; Brandl et al. 2001; Qu et al. 2015}, Depending on growth
conditions, this organism produces huge amounts of diverse organic acids (eg
citric acid, gluconic acid, oxalic acid) The organism iz applied commercially for
organic acid production and cultivation as well as itz metabolizm has been studied
in detail, In some coses, more than 90% of metals could be mobilized by application
of thiz organism (Brandl i al, 2001} Biogenic cyanide produced by Chromobrcier
winleceum was used for the mobilization of gold and other noble metals, copper,
and nickel from shredded printed circult boards and automotive catalysts by
using direct or indirect leaching approaches (Campbell ef al. 2000; Chi et al. 2011;
Faramarzi et al, 2004; Shin et al. 2003b). In indirect bioleaching processes, more
than 20% of metals were mobilized. These results were comparable with the usage
of commercial sodium cyanide (NaCMN) demonstrating the principal suitability of
such approaches for commercial applications (Shin et al. 2003b)

Most studies almed at the recovery of valuable metals such as Cu, MNi, Au, or other
noble metals. These elements can be found in high concentrations in diverse elec-
tronic wastes or in residues from mineral processing, e.g smelier dust, flv ash, or
incineration slag (Auerhach et al. 2009, Bosshard et al. 19%6; Brandl et al. 2001:
Brandl et al, 2008; Brombacher et al. 1998: Klink et al. 3016; Oliazadeh et al. 2006;
Eamanathan and Ting 2016). However, starting with the resource crises in 2008, an
increasing number of studies have been published that concenirate on other valu-
able elements. Several research groups investigated the mobilization of rare-earth
elements (KEE) that are an essential component in most modern technologies, from
different solid materials. Most of these studies used a variety of heterotrophic hacte-
ria for the extraction of REE from REE-bearing minerals such as monazite {Has-
sanien et al. 2004; Shin et al. Z015a). However, some recent studies investigated
bioleaching approaches for different REE-bearing secondary resources such as red
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mud from aluminag production {Cizkova et al. 2019; Qu and Lian 20038; Qu et al.
201 3h) or electronic waste material, e.g. from waste phosphors (Hopfe et al. 2017,
200 8; Reed et al. 2006). In most cases, REE are mobilized either by different organic
acids or by enzymatic activity of phosphate solubilizing microorganisms.

As conseguence of increasing electromobility, lithium and cobalt as components
of energy storage devices moved into the center of attention. Some studies inves-
tigated the extraction for Li and Co from waste lithium ion batteries either by a
combination of chemical treatment with citric acid and bioactivity {Dolker and Pant
29} or by A siger (Horeh et al. 2008) or A, ferromddans (Mishra et al. 2008],

Maneesuwannarat et al. (2016) used a strain of Cellddosermicrobium funkel, which
was isolated from cadmium- and arsenic-contaminated soil for bioleaching of GaAs
[Maneesuwannarat et al, 2016), [0 was supposed that proteins are involved in Ga
maobilization, indicating a new mechanizm for metal dissolution (Maneesuwannarat
et al, Haj

These studies demonstrate the greal potential that microorganisms offer for the
transformation of materials that can be used for new recycling moutes. It can be
expected that the ongoing prowing demand of other elements, and development
and growth of new fechnologies such as renewable energies will promote further
siudies,

Although all these studies gave a proof of principle for the application of microor-
ganisms for metal mobilization from various waste matedals, only few of these
approaches have been implemented in industrial processes just yet. Major chal-
lenges are selectivity, efficiency, and cconomy of bioprocesses. More recent studies
developed stepwizse approaches by combining different chemical or biological leach-
ing steps. For example, Pourhossein and Mousavi obtained high leaching rates of
>80% tor different clements (Cu, Mi, Ga) from waste light-emitting diodes {WLED=)
by applyving a stepwise indirect bioleaching approach using a biogenic ferric agent
{ Pourhossein and Mouwsavi 2009). Rizki et al. (20019} combined chemical leaching
using thiourea with bicleaching by a thiourea-tolerant Fe-oxidizing microorganism
toextract gold from electronic waste {Rizki et al. 2009). Huang et al. (2009} reported
on a bic-electro-hydrometallurgical process that combines bioleaching by using
sulfur-oxidizing bacteria with an electrokinetic recovery process (Huang et al.
2019} It can be expected that such approaches overcome current barriers in using
biclogical approaches.

9.3 Biosorption: Selective Metal Recovery from
Waste Waters

Binsorption is defined as the property of biomass or certain biomolecules to bind
and concentrate selected ions or other molecules from agueous solutions (Volesky
2007). It is a passive process and independent from metabolic activities. Therefore,
nutrients are not reguired, and processes can be performed in environments with
high toxicity. Bicsorption has been mainly applied for the removal of toxic metals

191



192

2 Beovoling Techanlogies - Biatprrameralivngy

from polluted waters, such as arsenic, chromate, cadmium, or uranium [(Valesky
and Holan 1995).

Another attractive application is the recovery of valuable metals such as gold,
platinum, palladium, or others from solutions {(Das 2010; Pollmann et al. 2006b).
Conventional pyrometallurgical or hydrometallurgical methods {e.g. adsorption
by ion-cxchange resin, activated carbon, or minecrals, solvent extraction, chem-
ical precipitation) reguire high amounts of ecnergy and addition of chemical
agents, thus gencrating secondary wastes, or are inefficient especially for highly
diluted solutions {Das 2010). Biosorption is an environment-friendly alternative
to these methods because it uses biodegradable compounds that can be casily
produced in high amounts. Further, biomass is considered as carbon-neutral and
petrochemical-independent process as it does not emit extra carbon dioxide when
burned (Maruyama et al. 2007; Ritter 2004} Various types of biomass have been
reported o bind and concentrate metal ions from industrial effluents and asgueous
soluticns,

Metal-containing solutions such as industrial waste walers, leachates, and
mining waters are often acidic with pH < 3, have o complex composition containing
different competing elements, and contain toxic chemicals or organic compounsds
that influence biosorptive properties. Therefore, major challenges of biosorplive
approsches are the stability of materials, selectivity, effectivity, and cost efficiency.
Several approaches address these challenges, Most studies concentrated on the
wse of bacterial cells, fungi, veast (Volesky amd Holan 1995), algae (reviewed by
He and Chen (20047, seaweed biomass (Figueira et al, 2000}, or biscomponents
such as crab shells {Daubert and Brennan 2007}, plant fibecs (Salamun ef al. 2015),
e, a5 bosorplive components that can be easily produced or are waste materials
(g in case of crab shells), Especially biopolymers such as cellulose, chitin, or
chitosan materials are chemically resistant. However, these materials possess no
selectivity and bind a broad range of different elemenis. This is a drawback for their
application in mefal recovery processes because these applications are intended
only the concentration of metals from highly diluted solutions but alzo the selective
recovery of metals of interest,

A different approach was propagated by Bonificko and Clarke (2016), These
authors described a selective recovery of REE by biosorption on immobilized
bacterial blomass followed by a selective desorption as a function of pH. This
approach enabled the separation of the three heaviest lanthanides Tm, Lu, and ¥b
from a mixture of different lanthanides.

Other recent developments concentrate on the use of defined proteins from
hinmass or the direct engineering of improved microbes and enzvmes, Maruyama
et al. {2007) tested different model peptides, prodeins, and protein-rich biomass
regarding their capability o selectively bind different precious metals from model
solutions, metal-refining solutions, and industrial wastes at acidic conditions
[ Maruyama et al. 2007). All tested biomasses as well as proteins selectively adsorh
Pd and Auw ions in the presence of transition elements. Further, it was possible to
remove Au, Pd, and Pt from plating wastes using profein-rich chicken egg-shell
membrane.
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Orther approaches use the metal-binding motifs of natural proteins, e.g. metalloth-
ioneins, as biosorptive component. Metallothioneins {8MT) are cysteine-rich proteins
that bind different metals such as Cd, Hg, Cu, and Pb. MTs from different natural
sources have been cxopressed in Escherichia coli and Psevdomonas putida and used as
binsorbent, mainly for remowval of heavy metals (reviewed by Chen et al. {19%99)) and
Mejare and Buloar (2001 ). However, these proteins are also attractive for the recovery
of viluable metals. Terashima et al. {2002) produced a fusion protein composed of
the maltose-binding protein and human MT and immobilized it on Chitopeard resins
{ Terashima et al. 2002 ). These materials were used for binding of Cd and Ga in a con-
centration range of 0.2- 1.0 mM. Further, the biosorbents could be used several times
without loss of binding activity.

CadR, which is a Cd-binding protein first isslated from rhizobacterium P pudida,
hias been expressed on the surface of E coli cells, These engineersd cells show a high
CoP* adsorplion copacity of 19,5 pmol Cd{In) g=" cells (Liv et al, 2015}

Phyvtochelatins (PCs) are naturally occurring metal-binding peptides, which con-
tain multiple repeats of the yGlu-Cys moiety terminated by a Gly residue, Various
researchers have expressed different synthetic PCs onto the sucface of bacterial cells
b improve metal uptake and bivsorption, For example, recently, Tan e al, {201%)
dizplayed the svnthetic phyiochelatin EC20 onto the surface of E, coli, The obtained
constructs showed an increased bivsorption of PUIV ) accompanied by the formation
of platinum nanoparticles (Tan et al. 2001%),

Proteinoceous bacterial surfoce layvers that envelope many bacterial cells are
other inferesting biomolecules that have been used for the binding of different
elements such as U, Pd, Au, or Cu {Allievi et al. 2011; Merroun et al, 2005
Pollmanm et al, 2006b), The binding of U, Pd, and Au hos been investigated in
more detall in case of the S-layers from Lysinibocillus sphoericus 1G-A12 and
MOTC 9602 (Fahmy et al. 2006, Jankowski et al. 2000; Merroun et al. 2005},
These elements were coordinated by phosphate and carboxyl groups (Fahmy
er al, 2006; Merroun et al, 20050 in case of Aullll) It was assumed that amine
groups were (nvolved in complexation (Jankowski et al, 20000, Due o their
self-assembling properties that enable the formation of nanostructured protein
arrays on various technical surfaces (Sleyir et al. 2004; Toca-Herrera et al, 2005,
Wednert et al, 2015), 3-layer proteins are afiractive bomolecules for the construction
of binsorptive composites (Suhr et al. 2014}, For example, so-called biocers were
produced by entrapping S-laver carrving cells or S-lavers in porous ceramics using
sl-gel technology and used for the removal of U from confaminated waters
(soltmann et al. 2002) Follmann e al. (Pollmann and Matys 2007) construcied
modified His-tagged 5-laver proteins that exhibited enhanced Ni-binding capacities
while zelf-assembling to a nanoporous profein meshwork (Pollmann and Matys
20T

Peptides are other less complex and easily synthesizable biomolecules that have
been used for the design of various biosorbents. Stairet al. {Stair and Holcombe 2005)
synthesized and immobilized various peptides of different lengths composed of Gly,
Asp, and Cys residues on commercial Tentagel resing and used it as bicsorbents for
the binding of Ni**, Cd**, Co®*, and Mg** {Stair and Holcombe 2005).
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All the proviously discussed biomolecules are able to interact with a specific
number of ions. A selectivity to the target ion is not given in the above shown
approaches.

9.3.1 Biosorption Via Metal Selective Peptides

The lack of selectivity in separation processes can be solved by using a nowvel, very
promising approach for the selection of metal-binding peptides by phage surface
display. With this technigue, peptides selective for several metallic surfaces or
metal ions were identified (Sarikaya ot al. 2003; Seker and Demir 2001} Cetinel
and coworkers describe the technique appropriately as “the directed evolution
of peptides with specific interactions toward technologically relevant materials™
based on combinatorial bio-based libraries (Cetinel et al. 2012), The functional
groups presented by individual amine acids of the identificd peptides and the
interaction with neighbor functional groups are responsible for the specific and
strong interaction with the target material. Insertion, deletion, or exchange of one
amino acid can change the peptide-target interaction drastically. The peptide-target
bonding uswally occurs via long-range interactions {physisorption) or short-range
interactions {chemizorption j {Schwaminger et al. 20148). Fundamental knowledge of
the oecurring peptide-targel interactions is necessacy o improve and control these
bin-based interactions for an optimization of separation and recveling processes,
Material-selective peptides are vsed currently mainky for the development of
nanomalerials and composites, but they are also attractive oz biosorbents Mian et al.
(2010} selected Ph** -specific peptides and identified one bacteriophape-expressed
peplide (TNTLSNM) with high affinity and specificity o Pb* as proven by
cross-binding assay to different metal ions (Mian et al, 20000 In o followe-up study,
Mguyen et al, (2013) construcied a recombinant E coli displaving the peptide on
its cell surface thus obtaining o highly selective E coli-based biosorbent (Mguyen
et al. 2013} Similarky, Yang et al, (2015} selected Cr{IIT)} binding phages from a
phage display library (Yang et al. 2015), A phage expressing the heptameric peptide
YEASLIT was immaobilized on cyviopore beads for Cr(lIT) preconcentration. Sawada
et al. (2006} selected MACI) binding bacteriophages via phage surface display
technology (Sawada et al. 2016). These phages were used as adsorbent for the
selective recovery of NA(IIT) from mixed solutions of MACIT) and FelIn), mimicking
the dissolved solution of neodymium-iron-boron alloys (MNd, Fe;B) indicating a
high potential o be applied in recycling sirategies. In another approach, lanthanide
oxide particles were used as target to select peptides that induce the precipitation
of lanthanide hydroxides (Hatanaka et al. 200 7). Three peplides (SCLWGIDVEELD-
FLOS, SCLYPSWSDYAFCE, SCPYWFSDVGDEFMYCS) were [dentified that mediate
the mineralization of lanthanide ions. The researchers proposed that such peptides
have a potential for the separation of lanthanides via selective mineralization.
Yunus et al. {Yunus and Tsai 2015) immobilized genetically engineered fusion
proteins composed of palladium-binding peptides and cellulese-binding domains
on cellulose materials (Yunus and Tsai 2015). These constructs were used as biosor-
bents for the selective binding of PA{II). The materials were able to selectively bind
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Pd(1l}) from a mixture of PA(I1) and PHIV) with a maximum adsorption capacity
of 17544 me/g. Further, it was possible to remove the bound Pd and reuse the
binsorbent several times without losing the binding capacity. The materials were
working at a wide range of different pH (pH 1.8-11}) and temperatures (10-40"Cl
therefore, they can be applied at different conditions. Yang et al. (2018) identified
arsenic (11 }-binding peptides with the ability to induce the aggregation of pold
nanoparticles in the absence of arsenic (1I1). These peptides can be applicd as
colorimetric detection sensors for arsenic (110 (Yang et al. 2018). Schinberger and
coworkers presented several linear gallium-binding peptides identified via phage
surface display and wsed afterwards a cysteine-scanning methodology to introduce
structures in one preferred peptide. The changed binding affinity of the modified
peptides were tested in subsequent biosorption experimenis for the peptides future
application in bivrecovery approsches for gallivm (Schiinberger et al, 2019, b}
In 2020, Matys and coworkers identified peptides that selectively interact with
nickel (CHMAKHHPRC) and cobalt (CTOMLGOLC) using sol-gel coated glass-fiber
fabrics for the fulure application in new element-specific biosorptive materials
(Matys ef al, 20200, Arsenic-binding peptides were identified in the study of Braun
and coworkers in 2020 for the decontamination of industrial wastewater. This
group developed a new combined approach of phage display and next-generation
sequencing for the identification of the strongest target-binding peplides {Braun
et al. 20200, These examples demonstrate that phage surface display technology is
a promising strategy o identily highly selective peptides for different elements that
can be used for the construction of bissorbents not only for bisremediation bul also
fir the recovery of valuable metals,

In numerous studies, metal-binding motifs and peptides were expressed and
anchored on the surface of microbial cells via fusion with outer membrane proteins,
In many approaches, the peplides were anchored o the outer membrane protein
LamB, thus obaining engineered microbes that worked as an efficient adsorbent.
For example, hexa-His chains were expressed on the surface of E. coli by construc-
tion of LamB hybrids, These cells exhibited high affinity to MNi ions (Sousa et al,
1996). Other researchers expressed metallothioneins or metal-binding peptides as
fusions o membrane or membrane associated proteins in B ooli, B putida, veasis,
or tiher microorganisms (Kotrba et al. 1995, b Mishitani et al. 2000; Sousa et al.
1998; Valls et al. 2000, by Valls et al. 1998), Park et al. (2018) produced fusion
proteins comprising the surface (S-layer) protein of Cowlobacter crescenies and
peptides that have been used as lanthanide-binding tags for protein purification,
biosensing, and nuclear magnetic resonance (NME) spectroscopy [Liang et al. 2013;
Martin et al, 2007; Witz et al, 03; Park et al. 2016). These hybrid profeins were
expressed in the cell surface of C. crescenres in high density (Park et al. 201a). The
engineered cells exhibited an enhanced sorption of REE and a high specificity for
REE. Further, it was possible to desorb the bound REE enabling a repeatable reuse
of the hicadsorbents. Li and coworkers developed a Mi-ion biosorption process
based on nickel-binding peptides presented by surface engineered yeast (Li et al.
2009 Immohilized Soccharomyoes cermplzioce EBY 100 expressing three different
HMi-binding peptides at the zame time showed the selective biosorption of up to
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68.62% of all the Ni-ions in the system. Other heavy metals like As{II1), Pb{I1},
Cr 111, and Cdi111) were not or were in very small dimensions bound o the yeast
surface. Thus, cell surface display is an attractive approach for implementation
in recycling processes, (ther approaches use metabolic pmoducts as complexing

agemnts,

9.3.2 Chelators Derived from Nature

Wery interesting biomolecules are siderophores. These small organic molecules are
irom chelators that are produced and secreted by hacteria and are used for the uptake
of iron. In addition to iron, other metals, eg Ga, Co, different actinides, can be
complexed by the siderophores (Brainard ot al. 1992; Gascoyne et al. 1991b; Gas-
coyme cf al. 1991a; Harrington et al. 2002 ). These properties make them attractive for
bintechnological applications. For ceample, Jain et al. (2009} used the siderophores
desterricccamine A and E for Ga complexation and developed a chromatography
method enabling the selective recovery of Ga from industrial waste waters. Regener-
ation and multiple reuse of the biomolecules was possible, which is the requirement
for an coonomic application of the technology (Jain et al. 2019}, In another study, the
siderophore yersinobactin, & metal-chelating peptide derived from Yersinia pestis,
was adsorbed on a resin within a packed-bed column. With this material, it was pos-
sible to remove >80 of copper from beld water mied with copper (Ahmadi et al.
2016),

Biopodymers are another atteactive group of metabolites, Bacterial poly(y-glutamic
aeid) has been used for the adsorption of toxic He(I1) {Inbaraj et al, 2008}, PH{II)
(Mu et al. 20113, and Fe(lll} (Bodnar et al. 2012), Varshini constructed a mod-
ified biohydmogel and vsed it for the removal of the rare-earth element CelIIT)
from industral efMuents VMarshing et ol 2005) Different extracellular polymeric
substances have been used for the removal of Codll), Culll), and other elements
[Dobrowolski et al, 2017; Mona and Kaushik 2015 Perez et al. 2008). Natural
pelvsaccharides such as alginate, chitin, chitosan, starch as well a5 their dervatives
and polysaccharide-based composites hove been widely wsed for the removal of
not only different heavy metals (reviewed by Crind (2005)) but also preciows metals
{donia et al, 2007},

To enable a low-cost usage. the biocompounds should be recycled and reused after
adsorption, The repeatable use of biomolecules for biosorption requires the immo-
hilization of the molecules 1o an appropriate surface, The combination of blocom-
pounds with inorganic materials brings together advantages of both materials. Solt-
mann et al. (2002} developed uranium-binding composites, so-called blo-ceramics
(biocers), by immobilization of bacterial cells or surface {5} layer proteins via sol-gel
techniques (Soltmann ef al. ZM2). These composites were used not only for the
remaoval of uranium from waters but alss for the binding of P11 and copper (Raff
et al. 2003; Pollmann et al. 20064, bl Yunus et al. (Yunus and T=ai 2015) immobi-
lized fusion proteins composed of palladium-binding peptides and cellulose-binding
domaing on cellulose (Yunus and Tsal 20015} These complexes were used for the
adsorption of PA(I[) from model solutions at various conditions. In addition, it was
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possible to desorb the PA(IT} using | 3 thiourea, thus creating & reusable PAi11) selec-
tive binsorbent. Other approaches entrap the biccompounds in polyvinyl aloohol,
chitosan, hydrogels, or alginate (Ting and Sun 2000).

9.4 Bioflotation: Separation of Particles with
Biological Means

Microbial cells, cell components, metabolites, or other biomolecules can interact
with solid substrates and modify surface properties, e g by introducing hydrophobic
properties by adhesion to the surfaces (Das et al. 19949; Patra and Natarajan 2006).
The=e properties can be used for mineral beneficiation. For example such biocom-
pounds have been reported as environment-friendly collectors or depressants and
were applicd as flotation reapents in selective mineral separation (reviewed by
Behera and Mulaba-Bafubiandi (2007} Most of these approaches concentrate on
the use of bacterial cells or their products that hove been described to specifically
imteraet with minerals such s Acidithiobooillus or Leplospivilium ferrooxicans
or RBhodococeuws opeeus or on model organisms (Behera and Mulaba-Bafubiandi
2 7). Howewer, newer investigations demonstrate the applicability of a much
broader range of microorganisms beyond the classical bioleaching bacleria or
model organisms. Lugue Conswegra et al. investigated the influence of different
marine bacteria on bioflotation of pyrite and chalcopyrite and identified strains
of Holelacilluz sp, and Marinococcus sp. 1o depress pyrite in arificial sea water
conditions while improving the flotation of chaleopyrite {Consuegra et al, Con-
suegra et al. 201%). These studies prove the high potential of the application of
various bacteria in diverse environments for particle separation, thus opening up
not only new perspectives in mineral separation technologies but also in recycling
technologies and other industrial applications.

Biopolymers and so-called extracellular polymeric substances [(EPS) mediate
the attachment of bacterial cells to surfaces and biofilm formation (Gehrke et al.
1998; Kinzler et al. 200%; Yu et al. 30040, They form the structure and architecture
of the biohlm matrix. The EPS are composed of an undefined complex mixture
of biopolymers primarily consisting not only of polysaccharides, but also lipids,
prodeins, humic acids, and nucleic acids (reviewed by Vu el al, (2009)) Their
composition depends on type of microorganisms, age of biofilm, and environmental
conditions, including surface properties (Donlan 2002), Their affinity to surfaces
makes them interesting for their application in sation processes, Consegquently,
several studies investigated the effect of EP3 as bioreagent in mineral separation
[Figure 9.1],

Hesides EPS, other biomolecules have been investigated regarding their appli-
cation in mineral separation, Especially biosurfactants are interesting compounds
that have been applied as frothers in many flotation experiments. Biosurfactants are
surface-active organic molecules that are produced by many microorganisms. They
have been attributed to lowering the surface tension at the interfaces of solid, liguid,
and gases. In conirast to common commercial chemical surfactants, they are less
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Biolikn lormalion

Biomalecules
metabolitas

Figure 9.1  Use af extracellular pelymeric substances ([EP5) prodwcing bacteria and
biomolecwles for particle separation,

toxie, biodegradable, and effective under extreme conditions. Consequently, there
are numerous potentiol felds of application, including phacmaceutical industry,
environmental remediation, and petroleum industry freviewsd by Saba and Rao
(201730, Amphiphilic siderophores are ansther closs of surface-active compounds
produced by microorganizms, The amphiphilic siderophore marinobactin is
composed of a hvdmophilic chelating head group and o hydrophobic fary acid tail
of different lengths amd interacts with iron minerals, These properties make the
molecules attractive o feation agents for mineral separation in froth Ootation as
propagated by Schrader et al. (2017) (5chrader et al. 2007).

Hacha et al. (2018) combined innovative electroflotation processes that reduces
bubble sizes, with R. opacus cells as bioreagent (Hacha et al. 2008} By this, it was
possible to separate fine hematite particles from a mixture. The combination of dif-
ferent methodologies from different fields enables innovations in classical flotation
procedures, thus overcoming current limitations.

All these approgches include living cells or natural biccompounds that were
isolated from living cells. Principally, these developments could be transferred to
the scparation of fine particles that are released during recycling processes and
cannot be targeted by existing processes. Lederer and coauthors described the
selection of phages displaying LaP0,:Ce’*, Th** {LAF), and CeMgal,,0,,Th*
(CAT)-specific peptides on their surface (Lederer et al. 2017; Braun et al. 2018).
Moreowver, the researchers introduced modifications and reached o> 5000 fold
higher binding strength o LAP in comparison to the wild type. The directed
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modification of individual amino acids was proven o increase or decrease the
binding specificity and affinity of & peptide to the target material drastically. These
phages bind to several components of compact fluorescent lamps (LAF, CAT), but
not or only weak to Y,0,:Eu’* (YOX), LaP0O,, 5i0,. and BaMgAl,,0, ;:Ev** (BAM).
This proof of principle shows that the researchers are able to identify perfectly
fitting biomolesules for target pacticles by wsing the improved phage surfoce display
technigues, The authors proposed an application as collectors in biofotation
processes for the separation and recveling of fuorescence phosphor components
from electronic scrap (Lederer et al, 200190,

(Mher approaches anchored Zn)-, Au-, o Tid,-binding peptides or organic
molecules o magnetic particles and separated the respective particles from col-
Ividal mixtures (Essinger-Hileman ef al. 2003; Shen et al. 2017, Vreuls et al. 2001,
Given the high number of peptides that have been described to selectively interact
with various inorganic surfaces and that were mostly applied for material syniheses
ar sensary applications {reviewed by Care et al. (2015); Seker and Demir 2011)), one
can assume that these separation technologies can be easily transferred to other
raterials.

9.5 Bioreduction and Bioaccumulation: Nanomaterials
from Waste

Rigaccumulation and bloreduction are often accompanied by the formation of
nanoparticles, These properties make the processes attractive for the creation of
novel nanomaterials. Bioaccumulation describes the accumulation and enrichment
of metals in the cells, relative to the environment. This mechanism can be applied
for the recovery and concentration of valuable elements from diluted solutions.
For example, different microorganisms have been described to accumulate Ga and
were u=sed for Ga removal (Gascoyne ot al. 19%410). In this case, the accumulation is
mediated by siderophores that are complexing with Ga.

The trensformation of metal ions into nanoparticles is one strategy to overcome
the toxic effects of the metals. Manoparticles are formed either via bio-precipitation
or biologically catalyzed metal redoction (bioreduction). Among the wvarious
described biologically produced inorganic nanoparticles, precious metals are the
maost interesting metals for many applications

Precious metals of the platinum group metals such as platinum, palladium,
rhodium, and ruthenivm are widely vsed in medicine, electmonics, for optical
devices, and catalysis (Yong et al. 2002, 2003), Especially it is commonly used
as catalyst, e.g. in automodive catalytic converters of as catalyst in chemical sm-
theses. Consequently, significant amounis of Pd are released during production
processes, consumplion and recvcling processes, For minimizing loss of Pd and
enabling a circular economy, Pd-efficient recycling processes while avoiding
secondary waste streams of toxic chemicals as well as an efficient recovery of Pd
from industrial waste waters are mandatory. The application of PdiIl)-reducing
microorganizms is an atiractive approach that combines the removal of Pd from
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waste sireams, thus minimizing the loss of Pd, with the synthesis of nanocatalysts
via bio-reduction and deposition of Pd-nanoparticles on biomass using nontoic
biological means {De Corte, De Corie ot al. 2012). The catalysts themselves
can be used for the degradation of different recalcitrant pollutants or chemical
syntheses.

Different microorganisms have been described that mediate the reduction of
Pd{1l}. In case of the cxtensively studied angerobic sulfur-reducing bacteria Desul-
Jiovibrio desuifuricans and Geobacter sulfurreducens and the facultative anacmbic
iron-reducing Shewanella oneidensiz, it has been proposed that hydrogenases and
cytochmome ¢ are involved in bioreduction of Pdill} and nanoparticle deposition
(e Corte et al. 2002; De Windt ot al. 2005%; Lloyd et al. 1998; Pat-Espadas et al.
2013%; Yates et al. 2003). These reactions reguire H, or formate as electron donor. In
other cases {e.g. different cyanobacteria, £ coli}, it was assumed that other enzyme
systems such as nitrogenase enzyme or molybdenum-containing enzyme systems
are responsible for PACIT) reduction amnd deposition of PO} in the mediom {Foulkes
et al, 20016), The majority of the formed PO} particles were formed oulside the cell.
In edhier coses, PA0) formation is nod based on eneyme activities and it was assumaed
that organic fumctional groups of the cell wall are responsible for the bioreductive
process, For example, PA0) nanoparticles could be deposited on S-layer carcying
Gram=positive bacteria as well as on the S-dayer proteins following the arcay
structure (Pollmann ef al, 2006, b; Wahl et al, 2001), Experiments with native and
dead cells of E coli, 5 oneidensiy, and P padicdo and actificial svstems demonstrated
that the presence of amine groups mediates the reduction of PO bound o cell
surfaces suggesting the wse of amine-rich bivmaterials rather than native cells for
Pod-recovery (Rotaru et al, 2012} Consequently, De Corte ef al, (2003} replaced the
bacteria and vsed amine-functionalized surfaces oz target for the synthesiz of Pdio)
nanocatalysts (D Corte ef al, 2012, 2013)

The application of metal-reducing bacteria for the removal of precious metals
from industrial waste streams §5 a gquite atfractive alternative o conventional
methods, because it requires less toxic chemicals and new products (nano-catalysis)
are formed as “byproducis.” A wide range of natural or genetically engineered
metal-reducing hacteria were successfully applied by several authors for recovery of
precious metals from synthetic solutions or scrap leachates (Creamer et al. 2006; 1o
et al, 201 6; Konishl et al. 2006, 20074, b Mabbett ef al. 2006; Maes et al. 2006, 2007
Marting et al. 2003, Pat-Espadas et al, 2013). Metal reduction was accompanied
by manoparticle formation. In these approaches, recovery rates of up o %995 were
niained.

In all cases, the formed bio-Pd was catalytically active, [t was especially applied 1o
transform a wide range of pollutants, mainly by reduction (Ce{W1), CHO 30 Tue et al.
2013; Mabbett et al. 2006, Humphries et al. 2007} or dehalogenation (e.g. printed
circuit boards (PCBs), trichloroethylene, pharmaceuticals) ( Baxter-Flant et al. 2004;
De Windt et al. 2005; Hennebel et al. 2008a, b, 2010). Further, bio-Pd was used as a
catalyst for diverse chemical syntheses, e.g. the hydrogenation of organic molecules
or for coupling reactions in synthetic organic chemistry (Creamer et al. 2007 The
doping of bio-Pd with other metals, e.g. Au, thus producing bimetallic catalysts,



6 Canclusion

significantly enhanced catalytic activity. This relatively new approach will extend
the applicability of metallic biocatalysts.

Besides catalytic applications, bio-Pd has been applied in microbial fuel cells,
c.g. proton-exchange membrane fuel cells, for the generation of energy. In these
approaches, biologically produced Pd{0) particles were deposited onto the anode,
c.g. carbon papers, of the fuel cells and used for energy peneration (Yong et al. 2009,
2000; Guan et al. 2005a), The now-moditied anode possessed both clectromddation
and bivdegradation copability (Quan et al, 20053, b).

Most studies concentrated on precious metals, However, some newer publications
studied the reduction and recovery of other valuable metals or used bioreduction for
removal of toxic elements from industrial waste waters, For example, Lv et al, (2018)
synthesized copper nanoparticles via bioreduction by a Shewanella loikica steain and
dizcussed their use as antibacterial material (Lv et al, 2018). Maleke et al, {2019)
described the reduction and intracellular accumulation of the REE europium by a
Clostridium steain, probably mediated by active transport and intracellular precipi-
tation {Maleke et al. 2019), The authors suggested an application for REE recovery
from waste materials. Moreno-Benavides et al, (20019) used a Becillus cereus strain for
reduction of oxic CrVI) from electroplating wastewater [Moreno-Benavides et al.
2009

9.6 Conclusion

In conclusion, many cfforts have been done to recover metals from solutions by
binlogical means ranging from the application of different biomasses, construct
binsorptive composites, engineering of chelators, and usc of different metabolic
microbial processes. These approaches were used especially for the removal of toxic
clements from waters. There are some reports on the removal of precious metals but
anly fow studies describing the recovery of other valuable metals, e.g. REE, Ga, In.
It can be assumed that many technologies developed for heavy metal removal can
b transfecred o other elements, Most current approaches concentrate on the usage
of woell-studied microorganisms such s chemolithoautotrophic sulfur-oxidizing
bacteria like A ferropddoss, bioreducing bacteria such as Shewanella strains, or
heterotrophic citre acid=producing fungi such as A niger, However, there are some
reports exploring the potentiol of novel microorganisms from diverss envimnments,
It can be expected that especially extreme habitais such as salt lakes, volcanoes,
deep sea, ete. bear many microorganizms with new metabolic properties that can
be used for metal recovery also from e-wastes, Another approach is the smart
design of new blomolecules, eg, of new mefal-chelating agenis. For example,
peptides can be designed interacting with numerous inorganic target materialz,
Such bioreagents can be integrated info various resource technologies such as
metal extraction, fine particle flotation, and metal complexing. First results in
these fields are highly promising. The combination of diverse biotechnological
methods with classical resource technologies leads to new opportunities to find
more environment-friendly and efficient solutions for metal exiraction. Thus, a
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high potential for future applications also in recycling technologices can be expected.
Opcning up to these new multidisciplinary ideas offers now chances for & green
CCOMAOITY.
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10.1 Background

Printed circuit boards {PCBEs) are the most important and valuable building block
of electronic equipment. It is the platform that provides connections for all other
electronic components such as resisions, capaciions, diodes, memory, and proces-
sors [Awasthi el al, 2007; Ghosh et al, 2015; Ming et al. 2017), With the development
of newer technologies, the printed circuit board market is expected to grow at a
compound annual growth rate of £.3% from 2009 tw 2004 and expected o reach an
estimated USS 89,7 billion by 2024 {Research and Markets 2019,

The percentages weight of PCB in an electmonic device depends on the type of unit
and can vary from 2% o 22% (Szafatkiewicz 2013} On average, PCB acoounts for
3=6% (by weight) of the total e-waste (Das et al, 2009 Ghosh et al. 2015 Goley et al,
200%; Golev e al, 2006; Ming et al, 2017; Szafatkiewice 2004a) With the metal con-
centration of 30-35% in PCE, it contains 40-80% of the total estimated value of waste
PCE (Awasthi et al, 2017; Goley and Corder 2017; Goley et al, 200%; Park and Fray
2009} Although with a relatively smaller fraction by weight, waste PCB accounts for
~1I53% 1 50 million per year of the total metal recovery value in c-waste that provides
a major incentive for recycling organizations. Rocchetti et al. (2018) reported that
until July 2017, over 200 patents were considered relevant o the field of PCE recy-
cling, with more patents approved filed tooamard the end of the decade. This shows
the growing interest of various organizations in the beld of PCB recycling.

As mentioned, average metal concentration in PCE is 30-35%, while the rest is the
nonmetal fraction such as resin, glass fbers, cellulose, and flame retardants { Bizzo
et al. 2004; Luda 2011; Szalatkiewicz 2014b; Veit et al. 2014; Zheng et al. 2009b).
The separated nonmetal fraction {WMF) that accounis for approximately 704% of the
total weight is usually sent to the landfills (EPA 201 2; Ghosh et al. 2005, Hadi et al.
2005). Duan et al. {2016) reported that the total amount of WMF would reach 279 kT
by 2020 in China without accounting for the waste NMF produced during printed
circuit board manufacturing.

Elevironic Waste: Bropeling ard Beprovessiag Jor o Sustoinebie Future, Fist Edilion.
Edited by Mara E Holuszkno, Amit Eumar, and Denise C. B. Espinosa.
2022 WILEY-VCH GmibH. Published 2022 by WILEY-VCH GmbH.
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10.2 Monmetal Fraction Composition

The composition of the NMF would depend on the type of printed circuit hoards.
The PCE is clazsified based on the type of base material. More broadly, the Mational
Electrical Manufacturers Association (NEMA) classification has been widely
used for base materials. The base materlal for PCE conslsis of a relnforcement
encapsulated in resin material, Phenolic, epoxy, and polvester resing are the most
commonly used resing in PCBE manufaciuring, whereas cotton/cellulose paper and
fiberglass are the major reinforcement. There are several tvpes of PCB, such as
FE-1 to FE-f, CEM-1 i CEM-3, and G-10 amnd 11, XXF, and XXXPC (Kelley and
Trobough 2016; Weil and Levehik 20040, FR stands for fame retardant, and CEM
stands for composite epoxy materials, The major difference in different tvpes of
PCH is the reinforcement and resin materials. These changes aftect the physical
properties and cost of the PCE, rendering it suitable for specific applications, Kelley
and Trobough {201 6) suggested that the most common types of PCE are FR-2, FR-4,
CEM-1, and CEM-3. Tahle 10.1 lists the details of these four types of PCE. All four
boards have flame-retardant properties.

CEM-1 provides improved electrical and physical properties compared to FR-2 but
can only be used as a single-layered PCB. CEM-3 is more suitable for plating through
holes that allow the circuitry to be printed on both sides and can be used as a com-
pete replacement for FE-4 but has a higher cost than other PCE. FR-4 i the most
common PCR type with outstanding electrical, mechanical, and thermal properties,
rendering it useful for 2 wide range of applications, The price of allernatives io FR-4
is usually 2-4 times higher {Lossen and Lokke 199%),

In the field of consumer electronics, FE-2 and FR-4 are the most commonly wsed
PCB. Lassen and Lokke (1999 suggested that 90% of the produced PCE is FR-4 based,
and the remaining 107 incledes FR-2 and other types. FR-2 is widely u=ed in televi-
sionz and home clectronics, whereas FR-4 is mostly used in high-valee clectrical and

Table 10.1 Description of the mast commaon types af PCB,

Type Resin Reinforcement Application

FR-2 Flienolic Coviton paper Lavar cost, radios, calculators
anl, Leys

FE-4 Epoacy Woven plass cloth Computers, servers, daia

slorage, telecommunications,
indusrial applications

CEM-1 Epoxy Coitn paper cone with Consumer and indusirial
waven glass cloth an electronics
surface

CEM-3 Epoxy Maormwoaven gl:u;s core Early hame compuiers,
with wowen glass clath autamabibes, home
o surfice enlerlainment priucts

Source: Kelley amd Trobowgh (20061
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clectronic equipment (EEE) such as computers and electronics for telecommunica-
tions (Guo ot al. 2009; Hall and Williams 2007; Lassen and Lokke 1999; Margues
ct al. 2003}, The metals present in the PCBs are extracted tor their value, and the
remaining MMFs containing the resins, reinforcing materials, and residue metals
are often sent to landfills (EPA 2012; Ghosh et al. 2015; Hadi et al. 2005)

10.3 Benefits of NMF Recycling

Recycling is one of the most researched arcas to deal with the ever-growing e-waste
issue around the world, The materials present in the NMF could also provide eco-
nomic bemefits o the recyclers and reduce the environmental concerns associated
with improper disposal. This section provides o detailed analysis of the benefils asso-
ciated with MMF recyeling, The benefits are categorized into two sections,

10.3.1 Economic Benefits

The recovery of residual metals before the NMF disposal could provide an economic
incentive for MMF recycling. Several studies have suggested that the MMF consists
of glass fibers (65% by wit.), epoxy resins (32% by wi.), and residual metals (copper
and other metals). Zheng et al. (2009 ) showed that the concentration of glass fibers
is highest in the fine fraction, whereas the resins are mostly concentrated in coarse
fractions. An X-ray fluorescence (XRF) analysis of the NMF obtained from the waste
PCB showed a high concentration of silica, calcium oxide, and aluming, which is
maostly from the fibers present in the circuit boards with a trace amount of bromine,
copper oxide, magnesium oxide, and other metallic oxides (Munivandi ot al, 2004},
DPruan et al. {2006) used XBF analysis to show that, on average, MMF contains 2.95%
copper, 0.35% lead, 0.41% tin, 0007 nickel, 0.04% zinc, 0.02% manganese, and 0.02%
chrmomium oz residual metals after separating the copper, It should be moted that
thess studies were pedformed on waste PCB obained from personal computers con-
taining FR-4 boards, Studies pecformed by Kumar et al. (2008a) showed that metal
content in MMF could range from 10% o 20% depending on the see froction, The
medal concentration va size analvsis suggested that for most of the cases, the finest
size fraction (=75 pm) has the highest concentration of metals, It was shown that the
NMF contains 3.4% Ca, 3% Al 1.3% Cu, 0,239 5b, 0.16% Fe, 0,15% Fe, 0.04% Sn, 0,04%
sn, and 0.03% Ph, The est was conducted on NMF obtained from a PCB recyeling
plant representing a more realistic solution as the majority of waste PCE i processed
im some fashion before disposal,

Ajpart from these metals, fiberglass present in the MMF alzo presents an economic
benefit for recycling. Fiberglass is one of the most cormmonly used reinforcements
in thermoplastic and, if recycled properly, could be used as fillers in different com-
posites. A life cycle analysis of e-glass, the most common type of fiberglass used
im the electronics indusiry by [ai et al. (2015), showed that the production of one
ton of e-glass consumes (L4 tonne of sand, 13.7 G of natural gas and electricity, and
over 36001 of water. Hence, recycling this fiberglass would also provide significant
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Table 10.2 Amount af fiberglass locked in e-wasts,

Dhescription 1014 1021 2050
E-waste (million wonnes) 4.7 522 11
Awerage circuit boards i ewmshe (5) d=h *-n 4.5
Awerage MMF in cireult boards (%) 65-70 65-T0 6570
Average fiberglass in MMF (%) 3 kL kL)
Fiberglass {million tonnes) 053 +0.19 062 +0.23 143 =052

respurce savings, The fiberglass concentration was determined to provide an esti-
mate of the amount of fiberglass locked in e-waste.

Kumar et al. (2008a) showed that the overall fiberglass content in the dried MBF
is 394%. The concentration in the coarse fraction is as low as 36%, and the maximum
concentration of 89'% is reached for the finest size fraction. Zheng et al. {300%a)
showed a similar trend with the highest concentration of over 70% in the NMF in
— 1086 pm size fraction and concentration of 53% in the =710+ 180 pm (25-80 mesh)
size fraction. The concentration in +710 pm size fraction was not reporbed.

Based on the amount of c-waste produced in the world, sverage circuit board
concentration, average NMF and fiberglass concentration, the amount of fiberglass
focked in e-waste was estimated and is shown in Table 1002, Tt shows the presence of
nearly half o million twoones of fbergloss in eswaste in 2006, which would increase
to L5 million tonnes by 2050,

10.3.2 Environmental Protection and Public Health

Printed circuit boards contain different heavy metals and toxic compounds in high
concenirations that would be harmful to the environment and public safery. Litera-
ture has already reported the concentration and issue associated with these metals
and compounds.

Research in the field of associated risks with its disposal is limited (Duan et al.
2016). A review of different literature has shown that the only study conducted on
thie MMF obtained from a waste printed drewit board recycling plant was from Anhui
provinee, Ching, The procesing plant uses o combination of eddy current and elec-
trostatic separation o separate metals from nonmetal faction (Wang et al, 2008;
Zhamg et al, 2007h; Zhang et ol. 2008} and hos only discussed the residual metal con-
centration in MMF, Most of the research is limited o the waste printed circuit boards
from specific EEE units,

The isswes associated with landfilling are also limited 1o the waste printed cir-
cult boards. An analysis from milled waste PCB shows the presence of 133 mg/l
lead and 22 mg/l cadmium {Bizzo et al, 2014), whereas leaching characteristics for
the NMF have not been reported. Guanghan et al. (2016} suggested that the NMF
doesn’t decay for a long time, and it also reduces the air permeability of the soil
and pollutes the groundwater due o the presence of heavy ions and curing agenis.
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Kumar ¢t al. ( 2018a) showed that the lead leachate concentration for NMF obtained
from the toedcity characteristic leaching procedure (TCLFP) test exceeded the land-
filling leachate limit in Canada. The lead leachate concentration was three times
higher than the regulation limits. Lead is primarily present in the solder matrix and
hard to completely recover through comminution and related physical processing
methods due toits malleability. Compared to the TCLP test results for milled circuit
boards obtained by Bizzo et al. (2014}, the lead leachate concentration has reduced
from 133 to 17.5 mg/l, whereas cedmium has decreased to almost negligible amount
compared to 22 mg/l after processing. This sugpests that the majority of lead and
cadmium had been recovercd during the metal cxtraction process.

Polybrominated diphenyl ethers {PBDE=) are one of the other toxic substances
used in circuit boards and are added as flame retardants to the resins at the laminate
product stapge, Thess materdals would oot be recovered during the metal extroction
stapge and would report to the NMFE Thess compounds have besn slowdy phased
oul in different parts of the world; hence, the circuit boards manufactured in dif-
ferent parts of the world at different years would hove highly varving concentrations
of PEDEs. Researchers hove shown the PEDEs comcentration ranging from 1,33 to
14 5367 mg/kg in some circuit boards before any processing in China (Cai ef al. 2018;
Chemetal. 2002; Guo et al. 2005 Yu etal, 2017; Zhow et al. 2003 Kumar et al, (2018a)
showed that the twtal PEDES concentration in the dred NMF was 294 mg/'kg, The
deco-BDE had a much higher contribution than other PDBE congeners, followed by
tetra and penta-BDE, which i in line with the Envirooment Canoda (2004) report
showing that deca-BDE is widely used as Qome retardants in computers, television
cosings, and electrical/electronic components,

Similar to PBDEs, polychlorinated biphenyls are another class of hazardous sub-
stances that are highly regulated in Canada and around the world. The production
of these compounds was banned in 1979 in the USA, but the products manufac-
tured before 1979 ban might contain PCBEs. According o the most recent regulation
im Canada, no person shall release a solid containing more than 30 mg'kg of poly-
chlorinated biphenyls from equipment not in use (Mindster of Justice 2015), The
concentration of polychlorinated biphenyls is also limited o the soil or dust in the
area around recycling centers. The polvehlorinated biphenyls concentration in 22
tree bark samples from an e-waste recveling area in China showed a concentration
of .112 mglkg of dry sample (Wen et al, 2009), Kumar et al, (2003a) showed that the
total polvehlorinated biphenyls concentration in the dried MMF is 3.2 mg/kg, which
is well below the scceptable concentration limit for the environmental release limit
by a person, However, if the NMF containing these PCBs are incinerated, it would
cause the release of dioxins and furans into the environment i ill-managed,

The presence of harmful flame retardanis in the MMF poses the risk of the release
of toxic dioxins and furans {polychlorinated dibenzo-p-dickin (FCDDYFS) dee to
improper incineration. PFCODYFs are classified under toxic substances under the
Canadian Emvironmental Protection Act (CEPA). The toxic equivalent guotient
(TEQ) is a tool to assess the cumulative toxicity of a mixture of PCDDYFs The
toxicity levels (TEFs) for all compounds are assessed relative to the todicity of
237 f-tetrachlorodibenzo-p-dioxin (tetra-CODY, which is the most toxic dioxin.
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TEC) represents the product of the concentrations of individual congeners and
their respective TEFs. The lower limit is calculated by substituting zero () for
any nondetectable compound, whereas the upper bound represents the worst-case
scenario where the detection limit is wsed for the nondetectable compounds
[Johnston 2016} The concentration of PCDDYFs in unheated printed circuit boards
was up to L6000 ng TEQ kg { Duan ¢t al. 2011 ). The PCDLYF concentration reported
by Wen et al. (2009) in 22 tree bark samples was 1300 peig (192 pg WHO-TECY gL
The PCDIVFE concentration in the soil and snails near various ewaste recycling
sites im Chinma was 53,39 and 7547 pg WHO-TEQ/ g, respectively (Liv et al, 2008).
The PCODYF concentration from the soil and combusted residue from the e-waste
recycling site in Guiyu (China) was 0.8=-506 pg WHO TEQ/g in varous sample
sources (Leung et al, 2007} The results from the PCDDVF: analysis by Kumar
et al, (2018a) showed that the toxicity limit of PCDIDYFs ranged from 2380 o
3170 pe'kg TED.

Greene el al. (2003) suggested that maintaining a lifetime average daily bodily
dosage below 1-10 pg'kg'day (TEQ is required o eliminate the risk of cancer. In
conirast, iderable daily intake value used by Health Canada s 10 pg/kg/day TEQ
(Canadian Council of Minksters of the Environment 2002 % The amount of PFCRIDFs
produced from a plant processing unit ionne of NMF per day would be much higher
than the mlerable daily intake recommended by Health Canada, which emphasizes
the requirement of proper disposal of the separated NMF from the processing of
circuit boards.

10.4 Recycling of NMF

According to the Environmental Protection Agency (2012, the recycling of MMF
fromm waste PCBs is not wsnally practiced, and up to 94% is discarded in landfills.
Some researchers have suggested alternative use of MMF as secondary materials in
various applications, and other researchers have shown the possibility of the physical
and chemical recycling of MMF.

10.4.1 Physical Recycling

Ome of the challenges with the recycling of NMF is its heterogeneous nature, The
presence of inorganics in the NMF decreases s usability as the bundles of glass
fiber can form higher siress concentration points that would reduce the strength
of composites (Zhang et al. 2007a, 2007h) and removal of inorganics from the
MMF increased the flexural strength, fexural modulus, and impact sirength of the
high-density polyethylene composite and thus improved s usability. Wang et al.
(201 &) suggested that separating the components of MMF s necessary (o increase
its reuse. The organics can be used as a filler in composite or for energy recovery,
fiberglass can be used in construction/building materialz, and residual metal can be
sent for metal purification. Various physical methods for NMF physical recycling
are listed below:
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10.4.1.1 Size Classification

size classification relies on the difference in sizes of various particles. Besearchers
have shown that the concentration of glass fibers is highest in the fine fraction
(=75 pm), whereas the resing are mostly concentrated in coarse fractions, Thus,
the loss on ignition for the coarser fraction s higher than the finer fractions {Yang
et al. 2009; Zhang ef al, 2017k Zheng et al. 2009a), Wang et al, {2018} have shown
that glass fiber bundles were observed in hammer mill-crushed coarse particles,
and single glass fibers were observed in fine fractions The glass fibers in coarse
particles were still embedded in epoxy resin that results in a higher loss on ignition.
The surface of glass fibers present in the finer particles was abraded and rugged,
thus liberating the glass fibers from epoxy and increasing the fiberfinorganic
conceniration in the finer size fraction and reducing the loss on ignition value for
fines. However, the differences in the organic and inorganic content in different
size fraction for nonmetal fraction without any additional grinding may or may not
be significant enough for separation.

10.4.1.1 Gravity Separation
Gravity separation is one of the most common low-cost physical processing methods

and is already being used for the separation of metals from nonmetals. It has been
successfully used in the separation of different types of plastic wastes too, Processes
such as airclassifiers, jigs, hvdrocvelones, and foat-sink have been widely studied in
the separation of different types of plastics (Baver e al, 2018; Bujet al, 201 5 Serranti
and Bonifazi 2019}

The density of various components of NMF iz listed in Table 10,3, These differ-
ences in the densities provide o possibility of producing relatively cleaner organic
and inorganic sireams using pravity separation (Kumar et al, 20038b, 2018:)

The density-based foat-zink separation showed promizing resulis with organic
resins being sccumulated in the lighter density fraction, whereas inorganic fiberglass
and residual metals reported to heavy density ranges. The gravity-based separation
flowesheet with three product separations could potentially recover a cleaner organic
fraction with 47% yield at 86% organic content and a reject siream with a 35% yield at
72% plass fiber content. The washability curves and various washability indices sug-
gest that the material would be classified as difficult to clean. However, comparing

Table 10,3  Density of warious comganents of the nonmetal fractian,

Components Diensity (gfem®)  References

Epoxy fiberglasa laminate (FR-4) 194 Li et al. {2014}

Epaay resin 1.11=1.23 Wzngﬂ al. (A1)

Gilass fiber 2AR-2.T0 Shrivastava (2018)

Fhenalic paper laminate (FR-2) 1.55 Li et al. {20014]

Phenadic resin 12-1.4 Drixil et al. (2004)

Cotton/paper fiber 1.5-1.6 Foulk ot al. (2006} & Wakeham (1949)

Residual metals =27 The Engineering ToodBox [ 2044)
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the indices with the similar size ranges for fine coal suggested that the indices were
relativity similar to that tor the fine coal being processed or studied wsing a dense
medium cyclone, spirals, or Beflux™ classifiers,

10.4.1.3 Magnetic Separation

M agnetic separation has been mostly used to recover ferrous materials from crushed
waste printed circuit boards (Cui and Forssberg 200%; Guo et al. 2011; Silvas et al.
201%; Veit ot al. 2006). Yoo ef al. (2004) used magnetic scparation to recover 83% of
irom and nicke]l as magnetic concentrate from shredder printed circuit boards.

In the case of NMF recycling, magnetic separation was used to recover the residual
magnetic material from the nonmetal fraction (Wang ot al. 3018). It was shoam that
the magnetic concentrate accounted for nearly 6% of the total NMF feed and the
recover concentrate had a low organic content {12% ). [t supgested that the magnetic
separation could be used to recover residual magnetic materials from the NMF but
not to sepiribe organic resins and inorganic fiberglass as they both would report to
the tailings dus to their dismagnetic properties,

10.4.1.4 Electrical Separation

Similar to magnetic separation, the electrcal properties (conductivity) have been
widdely used o separate metals from the nonmetals (Cui and Forssberg 2003; Guo
et al. 2001; Veil et al, 2005; Zhang et al, 1998},

In the feld of MMF recvcling, researchers have shown that the triboelectric sep-
aration can be used w separate organic resins from the inorganic Gberglass, Zhang
et al. (2017b) and Yamg e al, (2019) used triboelectric sepacation o separabe inor-
ganics from the nonmetal froction o improve the quality of the product. Overall, o
concentrate yvield of 47% was achieved with an organic content of 9%, recovery of
0%, and an upgradation catio of L27 by Zhang e al. (2017b) In the case of Yang
el al, (20190, an upgradation ratio of 1,17 was achieved,

1t should be noted that the separation based on electrical properties is only fea-
sible for completely dry materials and a plant wsing dry separation technology as
the upstream process. A plant utilizing wet (water-based) separation would reguire
drying the metal recycling rejects completely before the electrical separation of MMF.

10.4.1.5 Froth Flotation

Froth flotation uses the difference in surface properties of particles o separate dif-
ferent particles from each other. In the field of printed circuit boards, researchers
have shown that the froth flotation process with or without collector could be wsed
o recover the metals from wasie clreuit boards { He and Duan 2001 7; Mikinen et al.
2015 Ogunnivi and Vermaak 2009, Zhu et al. 2019).

However, the applicability of the froth flotation process to separate the organic
resing and inorganic fiberglass has not been studied in any literature. Since the
fiberglass is mostly encapsulated in epoxy resins, the unliberated fiberglass would
mestly be hydrophobic due to the presence of organic resing on the surface. Only the
completely/partially liberated fiberglass would show any increase in its hydrophilic
behavior.
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10.4.2 Chemical Recycling

Guo et al. (2009) listed four ways to recycle the MMF by chemical/thermal meth-
ods. These are pyrolysis, gasification, supercritical fluid depolymerization, and
hydrogenolytic degradation, with the primary goal of comverting the polymers in
thi MMFs into chemical feedstocks or fuels,

The pyrolysis process converts the organic resing into oil and gases, and the glass
fiber reponted to the char residee. Major gases produced are carbon dioxide, car-
bon monoxide, and methane, whereas phenaol and its derivatives are the major ails
produced during the pyrolysis process. Zheng et al. (2009b) used a fluidized bed in
combination with air cyclones at temperature moge from 400 o 600 °C to recover
high-value glass fiber from the NMF but acknowledged that the sirength of fibers
might have severely weakened. The gasification process converts the organic mat-
ter into synthesis gas (carbon monoxide and hydrogen) at reaction temperatures up
to 1600°C that can then be wsed as fuel. Supercritical water, methanol, or ammao-
nia has been used o decompose resins, but the method regquires high temperature
and pressure (Guo et al. 2009) Yousef et al. (2007) extracted the woven fiberglass
at a temperature of 30°C with dimethylformamide chemical and ultrasonic treat-
ment; however, the average strength of the recycled fiberglass decreased by 48%.
The hydrogenolytic degradation process can solubilize eposy resin with a hydrogen
donor such as phthalic anhydride at 340 ™*C in two hours (Braun et al. 2001).

Ome of the most common disadvantages of these chemical/thermal processes is
the higher operations cost and environmenial risks associated with the chemicals. In
comparison, physical recycling methods are relatively simiple, environment friendly,
and have lower energy and operating costs. However, the physical separation of indi-
vidual componenis of MMF is more complicated than the chemical treatment due
o the complex struciure and encapsulation.

10.5 Potential Usage

Various researchers have shown the possible end use of NMFE after metal recovery
as secondary materials in various applications {Guo et al. 200%; Margues et al. 3013;
Hing et al. 2017; Sohaili et al. 2012}

Zheng et al. (200%a) have sugpesied the use of MMF as reinforcing fillers in
polypropylene composites that would enhance its tensile strength and improve its
heat resistivity. Mou et al. {2005) suggested using NMF in the manufacturing of
composite boards with enhanced strength due o its compatibility with epoxy resin
that can be used in furniture, automaobiles, and decorative materials. In contrast,
Guo et al. (2010} have used NMF in producing wood-plastic composites. The NMF
was also used with the recycled plasticized polyvinyl chloride from waste wires
and cables to produce a composite with enhanced strength {Das et al. 201%9). Hadi
et al. {20134, Hadi et al. 2015} have suggested that the presence of carbonaceous
and siliceous materials in NMF provides an opportunity to be used as adsorbents
and remove pollutants from agueous solutions. Rajagopal et al. (2016) and Ke et al.
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(2013} showed that the MMF from waste printed circuit boards could be used to
prepare activated or porous carbon with high surtace arcas.

The most traditional approach for the use of NMF would be as an alternative fuel
in cement manutacturing. The organic resins have a very high loss on ignition (LO0)
sugpesting that it would also have a relatively higher heating value. Alternative fucls
such as biomass, houschold waste, and nonhazardous industrial and commercial
waste have regularly been wsed in the cement indusiry to redoce fossil fuel consump-
tion, provide cost savings, and significantly reduce the greenhouse gas emissions
(Rahman et al. 3015).

Omne of the major challenges in wsing MMF as an alternative fuel in the coment
industry iz the composition of fuel ash as the fuel ash would combine with the
raw materials and become a part of the clinker. A high level of alkali oxides ( potas-
sivm and sodium ), sulfur, and chilorine could al=o harm cement guality (Chinyama
20110 Myavagh (2003} showed the presence of 0.22% sulfur in the nonmetal frac-
tion obained from a plant in Hong Kong, In terms of chlorine, varous researchers
have shown the presence of chlorine in the Grewit boacd resin matrix in the form of
chlorine-based fame retardants and 22 8 part of some plastic parts, cable insulators,
coatings, rubber, and paper reinforcements (Nimpuno et al, 20090, The chlorine con-
tent varies widely depending om the type of board, Yoo et al. (2005} hove shown that
the chlorine content in nonmetal fraction ranges from 0.02% o LETE.

Kumar et al. {2018b) showed that the heating value of NMF organic concentrate is
2L3GIA, which is similar to or higher than some alternative solid fuels and would
be classified a5 2 medivme-grade fuel, I is also higher than the heating value of peat
coal and comparable w the lignite coals, The NMF ash residue would alsoe be high
in silica, alumina, and caleium oxide due to the presence of fberglass, which could
prowide an additional source of raw materials for the clinker production.

Anaother use of the NMF is in the preparation of activated carbon due to its high
carbon content. The organic materials in NMF would be pyrolyzed at a temperature
ranglng from S00 i B0 " C i remove the wolatile matier, The remaining char residue
can be mixed with solid KOH and then activated in nitrogen or carbon dioxide atmo-
sphere at 600-900°C for two hours (Kan et al, 2016; Ke et al. 2013; Rajagopal et al.
2016). Ee et al, (20013) used NMF with 72% initial carbon o produce porous car-
bon with a specific surface area up to 3112w /g In a nitrogen atmesphere at 600 °C
pyrolysis lemperature and 900°C activation temperature,

The NMF could also be directly used as a filler in building materialz. Marques
et al, (2013) have suggested that due to its lighter weight, fimer grain size, and thick
glass fibers, the MMF could improve the mechanical strength. Wang et al. (2012)
have suggested that the MMF can be added in cement mortar that would increase its
water retention property, decrease bulk density without significantly affecting the
compressive and flexural strength.

The NMF could also be used to prepare high-purity porous silica. The glass fiber
uzed in circuit boards is composed of 52-56% high-quality silica, which could be used
i produce amorphous porows silica. Porous silica can be used in many applications
ranging from life and space science to physics of high-energy particles due to its large
surface area, optical properties, and very low thermal conductivity {Pajonk 2003)
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Bazargan et al. (2014 ) have shown that the NMF with 51% =ilicon (from XRF) can
e treated with 4 M nitric acid at 90 °C for six (8] hours followed by a heat treatment
at 500" for three {3) houwrs and produce 994% pure silica with a specific surface area
of over 300 m? /g,

Researchers have also suggested the application of MMF as a toxic heavy metal
adsorbent for wastewater treatment { Hadi et al. 2003h, Hadi et al. 2015). Hadi et al.
[2013b) sugpested to impregnate the NMF with the 1 M potassium hydroxide solu-
tion for three hours and then activating the slurry at 250°C for three hours in a
muffle furnace in an inert atmosphere. The activated sample is washed down several
times with distilled water and then dried for later use. The activated material with a
surface area of over 200 m? /g had a similar elemental composition as the NMF with-
out the carbon and bromine, which was burnt off during the activation process. The
activated material could be used to adsorb copper, lead, cadmium, 2inc, cobalt, and
nickel bons from wastewater.

some researchers have also shown the potential application of recycled fiberglass
as a sound absorber. The recycled fiberglass has the capability of absorhing sound
over a broad frequency range. [n a study, the small residual organics were removed
by a thermal breakdown at 500 °C, followed by calcination in a muffle furnace (Sun
etal. 2015).
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11.1 Introduction

Life cycle assessment (LCA) is an international standardized methodological frame-
work defined in the IS0 14040 series, mainly consisting of four phases: (i) the defini-
tiowm of poal and scope, (i) i cvele inventory (LCT), i) ife cycle impact assessment
(LCIAD, and {iv] Life cycle interpretation {Ismail and Hanafiah 2009} Generally, LCA
is developed twevaluate the environmental impact of products amd the entire process
im their life cvele, Typically, LCA is used o assess products” potential environmen-
tal impact, from the extraction of cew matedals o production, the use phase of the
products, and until their Goal disposal (Luo et al. 2018) However, LCA also has
many tdher application aspects, One obvious example is that it bas been utilized o
evaluate a specific product’s life cycle. Some LCA studies have focused on a specific
product’s production stage and during its end-of-life stage, while other LCA studies
merely focused on waste management (lzmail and Hanafiah 20149,

LCA is an ideal tool to evaluate waste management's environmental impact and
investigate various waste management sirategles (Finnveden et al. 2007} Owver 200
studies of LCA have been applied in waste management globally, including studies
of LCA focused on waste elecirical and electronic equipment (WEEE) management
[Laurent ef al, 20014ab) In ferms of LCA on waste management and cerfain prod-
ucts, obwious progress has been made in recent decades. According to a previous
review by Laurent et al,, only seven involved WEEE among the 222 studies publizhed
during 1995-2012 on solid waste management systems [Laurent et al. 2014a,b). LCA
studies focused on consumer electronics are more common. For example, Andrae
and Andersen indicated that by the end of 2010, there were five studies related to
maohbile phones, five siudies related to television, five studies focused on laptop com-
puters, and nine studies focused on desktop computers (Andrae and Andersen 200070
Howewver, based on recent review research, [smail et al. indicated that the number

Elevironic Waste: Bropeling ard Beprovessiag Jor o Sustoinebie Future, Fist Edilion.
Edited by Mara E Holuszkno, Amit Eumar, and Denise C. B. Espinosa.
2022 WILEY-VCH GmibH. Published 2022 by WILEY-VCH GmbH.
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of WEEE management LCA studics had skyrocketed recently, among the 61 LCA
studies in WEEE management. In conclusion, roughly three major research arcas
of LCA studies in WEEE management were identified, with various research scopes
and WEEE types used as research subjects, Additionally, some of the recent studies
combined LCA method with other methodologies to cope with evaluations in other
aspects, such as economics and management (lsmail and Hanafiah 2009),

In this chapter, we shed light on the practical application of LCA for WEEE evalua-
tion, and the context is organized as follows: Section 11.2 first presents some detailed
background information related to the origin, development, and application of LCA
and then introduces the literature review of LCA on WEEE. Section 11.3 presents
an LCA case study of waste cellphones in Ching, since cellphones have a relatively
short lifespan and are the most commonly wsed electronic products and are growing
at an unprecedented rate among oll WEEES.

11.2 Background

11.2.1 Theory of Life Cycle Assessment

LCA iz an instrumental methodology to calculate the environmental impacts
of goods and services from “cradle to grove” {Hellweg and § Canals 2014). LCA
is an internationally standardized methodology o svstematically evaluate the
environmental performance of o product or process from its origin to the final
disposal, LA can help decision makers better reach their envimnmental product
of service goals through iz holistic perspective in quanfifving environmental
impacts, which has been demonstrated to provide valuable recommendations o
identify appropriate solutions for managing solid waste (Hu et al. 2020). To date,
LCA has been a very popular analysis tool used in waste management to provide
identifving strategics that minimize input—output burdens of products and services
on ceosystems, human health, or natural resources.

The concept of LCA emerged in the 1960s, and Coca-Cola was its first user to
investigate the influence by replacing all the glass bottles with plastic bottles in
the 1970 (Bauman and Tillman 2004), Sioce then, plobal scientific awareness
of business improvement has called for the development of LCA methodology,
and s application in environmental sclence fields has received much more
attention since the 19908, The current 150 standards 14040 and 14044 describe a
general methodology without giving the definite concept name to illustrate this
crivironmental LCA application. Therefore, different names have been used to
introduce this concept, such as resource and environment profile analysis (USA),
coo-balancing (Germany, Switzerland, Austria, and Japan ), environmental profiling
and cradle-io-grave assessment (Eov et al, 2009) To spread oul the understanding of
the complex concept of LCA, The Society of Environmental Toxicology and Chem-
sty (SETAC) and the US Environmental Protection Agency (USEPA) sponsored a
few projects o promote the development of LOT analysis and impact assessment in
the 1990z, SETAC Europe and other international organizations, such as the Inter-
national Organization for Standardization (150) and global LCA practitioners, also
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underook similar efforts (Boy ef al, 200%), Consensus was achieved for an overall
LA framework amd o mature inventory development method, which was capidly
imvervesd into o well-known tool for individuals, industres, and policymakers in the
covironmental scicnce field (150 1997). Figure 11.1 shows the stapes of an LCA
(150 2006). The purpose of an LCA can be (i) comparison of alternative products,
processes, of services; (i) comparison of alternative lite cycles for a certain product
or service; and (iii) identification of promising parts of the life cycle to obtain the
greatest improvements (ervironmental hotspotsh There are four crucial steps in
conducting a complete LCA assessment: {i} goal definition and scoping; (i) LCI
analysis; (iii) impact assessment; and {iv) interpretation (Roy et al. 3090

The first step is to set up the goal and scope, which is probably the most imporiant
component. The whole LCA study is conducted based on the statement defined in
this stage, including the purpose of this study, system boundaries, functional units
(FUs) and assumptions, ete, A general input and owtput fow diagram is commonly
used for the scheme ilustration within the system boundaries. FUs, usually defined
by the mass of the product under study, are used to provide a reference unit for the
imventory dota to be normalized (Roy et al, 2009; Feng e al, 20200,

LCT analyss is the most intensive step, Due to the complexity of data collection,
LT analysiz is known as the most time-consuming and work-intensive siep in an
LA, However, if the customers and suppliers are supportive and vseful databases
are available, the data collection process could be much easier. There are existing
databases in LCA sofbtware, which usually contains environmental information,
including transport, Taw materials extrection, material processing, production of
used products such as plastic and cardboard, material disposals, etc. For general
data such as clectricity, coal, or packaging production, the database can be used
directly for processes. For product-specific data, site-specific data are reguired for
different processes. In each process, the data should include all the inputs and out-
puts. Inputs include raw materials, water, energy (renewable and nonrenewahble],
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e, while outputs include the products and coproducts and emissons o oain, waler
and soil, as well as solid waste peneration (Roy e al. 200% Feng and Hewage
2014],

Imipact assessment is the transition step, which aims to undecstand and evaluate
the environmental impacts secved by the inventory analysizs based on the study's goal
and scope framework. In this phase, the inventory results are assigned o indicate the
impact of various expected ivpes on the ervironment, LOA impact assessment wsu-
ally comprizes four elemenis: classification, characterization, normalization, and
valuation. Classification means assigning and initially aggregating LCI data into
common impact groups, Characterization is the process of evaluating the magni-
tude of each inventory flow’s potential impacts on its corresponding environmental
impacts, Forexample, the potential impacts of methane and carbon dioxide on global
warming. Mormalization is the process i translate the potential impacts into a way
that can be compared, and valuation is the process o measure the relevant impor-
tance of environmental impacts by assigning weighis, which allows the results to be
apgregated further compared with other products (Roy et al. 2009).

Eegarding the interpretation, it is the final step of conducting an LCA. An LCA
interpretation aims o draw conclusions that can support a decision based on the
LCA resulis. [n LCA interpretation, the LCI and impact assessment resulis are dis-
cussed based on the initial goal and scope setup, and the significant environmental
impacts are highlighted for conclusions and recommendations. LCA interpretation
is & systematic approach to identify, quantify, and evaluate the information based
on the LCI and LCIA resulis, and communicated them effectively. The LCA inter-
pretation might also lead to guantitative or qualitative improvement strategies, such
as process and active design, consumer usc and waste management, or changes in
product. (Roy et al. 2009

11.3 LCA Studies on WEEE

Regarding LCA studics on WEEE management, relatively little attention has been
given to the managgement and recycling of WEEE from the LCA community. Laurent
ct al. (H0l4a.b) indicated that of the 222 studies published between 1995 and 2012
on solid waste management systems, only seven studies focused on WEEE man-
agement, The LCA on WEEE deserves more attention, In this study, we introduce
three main research areps LCA application to WEEE management sirategies, LTCA
application (o WEEE management systems, and LCA application to the potential of
WEEE management and recycling,

11.3.1 Applications on WEEE Management Strategy

In China, Miu et al. {20012} compared the life cycle environmental impacts of three
types of cathode-ray tubes {CETs) treatment methods: incineration, mechanical
dismantling, and manual dismantling. Lu et al. (2014} vsed sustainabilicy-LCA to
evaluate the environmental impacts of bao recycling strategies for mohile phone
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components reuse and recovery. Wang et oal. (2004) studied the liguid crystal
recovery from LCD panel supercritical and distillation methods and vsed LCA to
analyze this treatment method’s environment impact. Song et al. (2018) analyzed
the cumrent CET TV rmecycling practice based on the Chinese WEEE Directive
and the proposed recycling strategy that includes extended treatment to recover
lead from CRT TV, and compared the environmental impacts of two strategics
through LCA studies. Yao et al. (3018)applied LCA method to predict the long-term
covironmental impacts from mobile phone recycling and recommend the optimize
maohile phones,

Similar studies have been conducted in ltaly. For example, Andreola et al, (2007)
explored the CET glass-based ceramic plaze production v, standard ceramic glaze
production, and assessed the environmental impact of CET glass recyeling strategy
through LCA. Compagno et al, (2014) studied the current CRT recycling practices
as well as the proposed recycling strategy with metallic lead recovery, and compared
their environmental impact differences through standard LCA studies, Amato et al,
(20170 also use LOA o measurs the environmental impacts of four LCD monitor-
img treatments: landfll, incinecation, traditional recyeling, and inoovative recyeling
with indium recovery,

In the UK, Zink et al. {20014) applied smant phomes and teaditional refurbish smart-
phones with battery power and solar power into parking meters and evaluated their
emvironmental performance separately through LOA. Alston and Arnold (2011 ) also
analyzed the environmental impacts of plastic mixures from WEEE {i.e. WEEE
plastic) under different recvcling rates and calculated the environmental impacts
through LA The environmental impacts of the treatment systems were assessed
as well,

In Japan, Dodbiba et al, (2008) analvzed the recycling strategies of plastic residue
from TV sets, and compared the environmental impacts between energy recovery
sirategy through thermal recycling and material recovery through mechanical recy-
climg, Dodbiba et al. (2012) also explored two liberation methods in a pretreatment
svstem 1o increase the recovery rate of indium from LD monitoring and followed
with an LCA study to understand the environmental performance.

11.5.2 Applications on WEEE Management System

In China, Song et al. (2013) examined the environmental impact of WEEE recy-
cling systems for various WEEE products. Hong et al, (2015) analyzed formal and
informal recycling systems for variows WEEE products and used the LOCA method
i examine each system’s environmental performance. Xue et al. (2015) analyzed
treatment systems’ environmental performance for wired printed boards (WPEs)
Xiao et al. (3016) explored a variety of WEEE transportation scenarios (labeled 50,
51, 53, 54, and 55} for WEEE management and recycling systems of refrigerators
(BEFs) in China, and applied environmental assessment to understand if recycling
refrigerators could balance with the reclamation processes in terms of emissions.
In Italy, Bocchetti et al. (3013) examined the environmental impact of treatment
sysiems to recover various materials from four types of WEEE residues (Le. residue

255



154

11 Life Qe Assessment of e-Waste - Wizste Callofhong Recyoling

from WEEE}): fluorescent lamp, CRT, Li-ion accumulator, and PCE. Biganzoli ot al.
(2015 compared the environmental performance of five WEEE categorices by [talian
regulations {i.c. R1-B5)in terms of WEEE recycling system. lannicelli-Zubiani et al.
(2017} examined the environmental impact of o treatment system for printed circuwit
boards (PCEs),

In Belgium, Belboom et al, (20011} established a recycling system for refrigerators
and freezers, and compared the ervironmental impact changes before and after the
recycling system. Van Eygen et al. {2016} explored the recycling systems for lapiops
and desktop computers and calculated each system's environmental emissions. Tran
ot al (2018} conducted an LCA study of a treatment system for batteries from mixed
waste, and further merged the LCA method with criticality-based impact assessment
(CIAM) method to evaluate the treatment system.

In Brazil, Foelster et al, {2016) compared the environmental impacts of
refrigerators recvcling systems under different approaches {ie. Informal recy-
cling systems). Campolina et al, {2017} studied a WEEE reatment system for
WEEE plastics to produce recycled high-impact polystyrenes (HIPS) pallets and
acrylonitrile-butadiene-styrene (ABS) and compared their environmental impacis.

11.3.3 Applications on Hazardous Potential of WEEE Management
and Recycling

In China, Song et al. (2015) examined the potential impact on PFCE and CRT
recyelings environmental and human bealth at recycling plants, where LCA
methodology was utilized for the evaluation combined with noise assessment and
heavy metal risk assessment. In the United States, Lim et al. {20011} combined the
LCA method with chemical analvsis and hazard assessment models to assess the
potential environmental and human health of nine types of light-emitting diodes
[LEDs) under two impact categoriess resource depletion and toxicity. Hibbert
and Opunseitan {2014} also combined LCA method with chemical analysis and
analyzed the potential human health and emvironmental impacts of ashes from
incinerated mobile phones with ecotoxicity impact categories.

Ineonclusion, LOA isavery useful method and an imporant decision-support tool
i assess a specific product or process's environmental impacts from its origin o the
final disposal, LCA studies have been widely utilized for WEEE management, espe-
cially for the recycling of waste electronic products. In S8ection 11.4 of this chapier,
we introduce a case study of cellphones in the Chinese scenario, focusing on LCAsS of
recycling ditferent types of waste cellphones and common metals contained in them.
The purpose of this case study is to illustrate how LCA methodology can claborate
a particular electronic product and assess the enviconmental impacts of the product
from “cradle o prave,”

11.4 Case Study

With rapid economic development and the provision of living standards, it ks
currently estimated that the quantity of hazardous electronic and electrical waste



il4 Case Study

circulating in the world exceeds 6 kg, totaling 44.7 million tons in 2006 { Baldé et al.
200 7; Avvasthi ot al. 2019). Meanwhile, an increasing number of natural resources
have been prodeced, consumed, and accumulated in electronic and electrical
products, generating an increasing volume of urban minerals. Among all WEEE,
waste cellphones are the most commonly wsed and are considered to have the
shortest lifespan. Therefore, as a specific small electromic and electrical product,
cellphones will become an important tocus in LCA studies. More importantly,
regarding cellphones, the Chinese scenario cannot be neglected. Since 3004, with
the acceleration of industrialization and urbanization, China has become the
waorld's largest mobile phone producer and mobile phone consumer. China’s mobile
phone subscribers account for more than L3billion of the world’s 7.08 billion
mahile phone users (ITU 20150

In this case =tudy, the recycling of waste mobile phones is considered, Mobile
phones, the smallest electronic products, have many precious matecials in addition
o plastic, but they are in very small quantities. The vse of recycled materials will
definitely prevent the manufacturing of those materials, but the recyeling starting
from the eollection, transportation, and recyeling process of these small phones may
have higher environmental impacts due o the consumption of large amounts of
energy and materials, negating the environmental benefits of the recyeled materals,
Therefore, it is necessary o conduct LCA ressarch on mobile phone use o evaluate
recycling’s overall benefits, Compliance with 1500 14040 standard is necessary o per-
form LCA on two types of used mobile phones: feature phones and smariphones.
The environmental impacts from waste cellphone collection, transportation, and
dizmaniling to waste cellphone component recycling/disposal were calculated, The
negative ervironmental impacts due to the metals recveled from the waste cellphone
circuit board were also estimated, The following Sections 11.4,1-11.4.3 infroduce
detailed LCA development procedures, such as target and scope definitions, LCI,
LCIA methods, and result interpretation.

1141 Goal and 5cope Definition

This LCA aimed to quantify the potential environmental impacts of CO, emissions
from the recycling process of two different types of waste cellphones and common
metals in them. A wide range of models and brands of waste cellphones discarded
by Chinese consumers were selected, This is because components or materials are
varied based on the differentiation of cellphones. The guantified life cycle envimon-
mental impacts can provide industry managers with an overall view of the envi-
ronmental impact of different types of waste mobile phone recycling methods to
determine appropriate management methods that have little impact on the environ-
ment throughout the life cycle.

11.41.1 Functional Unit

The FU was defined as one unit of waste feature phone and one unit of waste
smartphone. According to the literature reviews (Tan et al. 2017; Singh et al. 2015},
the average composition of an average waste feature phone was as follows: average
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Table 11.1 The average compasition of feature ghones and smartphanes in China.

Prodisct categaries
Foature phone {gfunit] Smartphone {g/lumit)
Average weighl FT13-6T4d g SLAG-1129g
Plastic 17.45-31.70g 19154177 g
Soreen _'i.ﬂ-n.'.'d-g; TA=1581g
Baiery 1642 19-d8 g
PCHEs, including metallic wires h.d-?-l*_].ﬁ?g *].-15-1&!:.33_

wiight of 37.13-67.44 g plostic, 47% of the averape weight; screen, 109 of the
average weight; battery, 16-42 g; PCBs, including metallic wires, 647-19.87 g, The
average composition of an average waste smartphons was oz follows: averapge weight
of 51.86-1129 g plastic, 37% of the average weight; screen, 14% of the average
welght; battery, 19-48g PCBEs, including metallic wires, 9.46-16.68 g [Detailed
information is shown In Table 11.1.

11.41.2 Systerm Bowndary
The second step of this LCA was to set up the system boundaries. The recycling pro-

cess starts at the end of cellphone life. The whole process commences with a waste
cellphone being sent to the mechanical dismantling plant after formal//informal col-
lection and ends with the final disposal process. Formal collection means an offi-
cially certified e-waste recycling approach regulated by governments, informal col-
lection means peddlers or scavengers recycling e-waste products without regula-
tions; they are usually small and disadvantaged, with a high labor intensity (Chi
ctal. 2011; Gu et al. 2006). In most LCA studics on c-waste management, due to the
relative availability of data or the relative impact on the entire process, the environ-
mental impact of collection practices is not considered. In this study, however, the
LCA of collection practices was taken into account based on the differentiation of
waste cellphones. Additionally, LCA’ time period was not considered because the
purpose of this case study is to quantify the ol environmental impacts caused by
recyeling two different types of waste cellphones rather than estimating the entine
life cyele impacts within a specific temporal range.,

11.4.2 Life Cycle Inventory

The data required for each tvpe of cellphone as inputs mainly come from assembly
pant and literature reviews In additon, some inveniory data for waste cellphone
collection and waste cellphone dismanting were collected from recycling indus-
try reporis or recycling enterprises’ official websites, The following sections from
11.4.2.1-11.4.2.7 describe the checklist established for all methods, and the detailed
material flows of the two types of cellphone approaches can be found in the support-
ing file.
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11.4.2.1 Formal Collection

The data for estimating the environmental impacts of the formal collection were
obtained from the Ecoimvent 3.3 database and local industry reports, In the Chinesa
scenario, the formal collection process of waste cellphones has three main steps
() Customer o collection station: (i) Collection station o secondhand market;
i) Secondhand market fo dismantling center. Because the collection station is near
residential areas., the first step’s collection distance can be negligible. The second
step is the collection distance from various collection stations 1o the secondhand
market. Taking Beljing city as an example, the major transporiation method would
be light commercial vehicles, and the estimated collection distance for the second
step would be approximately 7-12 kim {Yan 2018, Chen 20190, The third step is the
collection distance from the secondhand market to the dismantling center. Taking
Beijing city as an example, the majority of waste electronic products from all over
the country would be transported to a secondhand market in Shenzhen (Chen
2019). Therefore, the major transportation method would be lorry, and the estimated
collection distance for the third step would be approximately 2175-2238 km.

11.4.2.2 Informal Collection

The data for estimating the environmental impacts of informal collection were also
obtained from the Ecodnvent 3.3 database and local industry reports In the Chi-
nese scenario, the informal collection process of waste cellphones has three main
steps: (1) Customer to peddler; (i) Peddler to secondhand market; (iil) Secondhand
market o dismantling center. Because peddlers are usually near residential areas,
the collection distance for the first step can be negligible. The second step is the
collection distance from peddlers 1o the secondhand market. Taking Beijing city as
an example, the major transponation method would be electric scooters, and the
estimated collection distance for the second step would be approximately 1-30km
(Yan 20018; Chen 2009). The third step is the collection distance from the secondhand
market to the dismantling center. Taking Beijing city as an example, the majority of
waste electronic products from all over the country would be transported to a second-
hand market in Shenzhen (Chen 201%). Therefore, the major iransportation method
would be a lorry, and the estimated collection distance for the third step would be
approximately 2175-2239 km.

11.4.2.3 Mechanical Dismantling

The data for estimating the ervironmental impacts of waste cellphone mechanical
dizmantling were obtained from the Ecolnvent 3,3 database and literature reviews.
I ferms of the mechanical dismantling impact from waste feature phones, we wti-
lized the umnit weight information of one waste feature phone from the literature
reviews (Tan et al. 2017; Singh et al. 2018} as well as the PCB shredder fraction
information from the Ecoinvent 3.3 database. Regarding the mechanical dismantling
impact from waste smariphones, we also utilized the unit weight information of one
waste smartiphone from the literature reviews {Tan et al. 20017; Singh et al. 2018) as
well as the PCB shredder fraction information from the Ecoinvent 3.3 database. The
LCI for estimating the environmental impacis of mechanical dismantling is related
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o machinery emissions, In this case, we did not consider the environmental impacts

af labor.

11.4.2.4 Plastic Recycling

The LCT data for estimating plastic recycling’s ervironmental impacts were obtained
from the Ecolrvent 3.3 database and lierature reviews In terms of plastic recycling
impact from waste feature phones, we utilized the unit weight information of one
waste feature phone from the literature reviews (Tan et al. 2017; Singh et al. Z015)
ag well as the plastic manufaciure information from the Ecoinvent 3.3 database.
Regarding the plastic recycling impact from waste smariphones, we also utilized
the unit weight information of one waste smartphone from the litermture reviews
[Tan et al. 2017; Singh et al, 2008) a5 well as the plastic manufacturing information
from the Ecolnvent 3.3 database, Research shows that the percentage of plastic in
one waste feature phone is approximately 47%, while the percentage of plastic in
one waste smartphone s approximately 37% (Tan et al, 2007; Singh et al. 2018), The
major emissions of plastic recycling are related to plastic manufacturing.

11,425 Screen Glass Recycling

The LCI data for estimating screen glass recycling’s environmental impacts were
obtained from the Ecoimvent 3.3 database and literature reviews. In terms of screcn
glass recycling impact from waste feature phones, we utilized the unit weight infor-
mation of one waste feature phone from the litecature reviews (Tan et al, 2017; Singh
et al, 20080 oz well oz the glass manufacture information from the Ecoinvent 3.3
database. Regarding screen glass recveling impact from waste smariphones, we also
utilized the wnit weight information of one waste smartphone from the lterature
reviews [Tan et al. 2017; Singh et al. 2018} as well as the glass manufacturing infor-
mation from the Ecoinvent 3.3 database. Research shows that the percentage of
screen glass in one waste feature phone is approximately 10%, while the percent-
ape of screen glass in one waste smaniphone is approximately 14% (Tan et al. 2017;
Singh et al. 2008). The major emissions of screen glass recycling are related o the
emissions of glass manufacturing,

11.4.2.6 Battery Disposal

The LCT data for estimating the environmental impacts of battery disposal wene
obtained from the Ecoinvent 3.3 database and literature reviews. In terms of battery
disposal impact from waste feature phones, we utilized the unit weight informa-
tion of one waste feature phone from the literature reviews {Tan et al. 2017; Singh
et al. 2008} as well as the battery treat in waste cell information from the Ecoinvent
3.3 database. Regarding battery disposal impact from waste smariphones, we also
utilized the wnit weight intormation of one waste smartphone from the literatune
reviews (Tan et al. 2017; Singh et al, 2018} oz well as the battery treat in waste cell
information from the Ecoinvent 3,3 database, Besearch shows that the weight range
of batteries in one waste feature phone s 16-42 g, while the welght range of batteries
in ome waste smartphone (s 19-48 g (Tan et al, 2017, Singh et al. 2018). The signifi-
cant emissions of battery disposal are related to the emissions of battery treatment
in waste cells.
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11.4.2,7 Electronic Refining for Materials

The LCI data for estimating the emvironmental impacis of electronic refining for
various materials were obtained from the Ecolnvent 3.3 database and literature
reviews, Materials, only gold, silver, and cooper, were considered in this study, The
unit welght information of waste cellphones came from the literature reviews {Tan
et al. 2017; Singh et al. 2008}, and material treatment in waste cell information of
three metal materials came from the Ecodnvent 3.2 database, In addition, material
production information for the three metal materials also came from the Eooinvent
3.3 databasze, These are the necessary data for analyzing raw material substitution
impacts, The significant emissions of battery disposal are related o the emissions
of electronic refining and raw material substinition.

11.4.3 Life Cycle Impact Assessment

SimaPro B500™ software was used with the ReCiPe H midpoint method to cal-
culate the global warming potential (WP impact. Due to the variety of cellphone
data, the LCT analysis data were gathered as interval data. To reduce the data uncer-
tainty, a Monte Carlo simulation {MCS) was applied using Excel. The LCIA results
of each process gathered In LT were analyveed using 10000 MOCS runs, The LCTA
results from each MOCS run were gathered and are presented in Section 11.4.4,

1144 Results

We developed four distinctive scenarios to present our results. The life cycle envi-
ronmental impacts generated from these scenarios are presented separately, Waste
materials generated in the processing of phone parts or raw materials generated in
the telephone recycling process can be reset to recycle the same type of product mate-
rials or the same amount of raw materials, Therefore, the influence of the recovery
cause s calculated as negative.

11.4.4.1 Feature Phone Formal Collection Scenario

The life cycle ervimonmental impacts of the feature phone (formal scenario) are
shown in Figure 11.2, After 10000 iterations of MOS | the results show that the
total OO, emissions equal o or less than Okg COue are approximately 76%, The
cumilative probability of the total greenhouse gas (GHG) emissions in the feature
phone (formal scenario] is presented in Figure 11.3. The corresponding impact com-
prises six paris: the impact from waste feature phone collection, the impact from
waste feature phone dismantling, the impact from waste feature phone part recy-
cling, the impact from battery disposal, the impact from metal electronic refining,
and the substitution impact from waste feature phone metal recycling.

The resulis indicate that four processes, namely phone collection, phone disman-
tling, battery disposal, and metal electronic refining, have positive GHG emissions.
In other words, these processes exert negative impacts on the environment. In par-
ticular, the metal electronic refining process has the highest impact, followed by
the phone dismantling process, which has the second greatest impact. Impacts from
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phone collection and battery disposal processes are minimal, between 0 and 0,05 kg
Oy e The other two processes, namely, phone part recycling and phone metal recy-
cling, have negative GHG emissions, In other words, they exert positive Impacts on
the environment. Farticularly, by replacing waste plastic materials and waste screen
glasses from waste feature phones, the phone part recycling process can reduce the
large amount of GHG emissions, which is more than 0.2 kg CO,e. Additionally, by
substituting metals from waste feature phones, the phone metal recycling process
can also reduce the amount of GHG emissions, which hits approximately 0.15 kg
C,e. In this case, copper, gold, and silver were recycled and substituted for manu-
facturing.

In summary, regarding phone LCA analysis under the formal scenario, some pro-
cesses show negative environmental impacts, while other processes indicate positive
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crvironmental impacts. Among these processes, the metal electronic refining pro-
cess has the largest negative environmental impact, and the feature phone, part
recyeling process, has the highest positive environmental impact.

11.4.4.2 Feature Phone Informal Collection Scenario

The life cycle environmental impacts of the feature phone (informal scenario) are
shown in Figure 11.4. After 10000 iterations of MCS, the results show that the
total OO emissions equal o or less than Okg CO, are approximately 76%. The
cumulative probability of the total GHG emissions in the feature phone (informal
scenario] s presented in Figure 11.5, The corresponding impact also comprizes
six parts: the impact from waste feature phone collection, the impact from waste
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feature phone dismantling. the impact from waste teature phone part recycling, the
impact from battery disposal, the impact from metal electronic refining, and the
substitution impact from waste teature phone metal recycling.

The results indicate that four processes, namely phone collection, phone disman-
tling, battery disposal, and metal electronic refining, have positive GHG cmissions.
In other words, these processes exert negative impacts on the emvdironment. In par-
ticular, the metal electronic refining process has the highest impact, followed by
the phone dismantling process, which has the second greatest impact. Impacts from
phone collection and battery disposal proces=ses are minimal, between O and 0.05 kg
Oy e The other bao processes, namely phone part recycling and phone metal recy-
cling, hove megative GHG emissions, In other words, they exert positive impacts on
the environment. Pacticularly, by replacing waste plastic materials and waste screen
plasses from waste feature phones, the phone pact recyeling process can reduce the
largest amount of GHG emissions, which is more than 0.2 kg OO0, e Additionally, by
substituting metals from waste feature phones, the phone metal recyeling process
can abso reduce the amount of GHG emissions, which hits approximately 0,15 kg
OOy, In this cose, copper, gold, and silver are recycled and substituied.

In summary, LCA analvsis of feature phones under informal scenacio is very sim-
ilar to that under formal scenario, except for the impact penecated from the waste
feature phone collection process, which shows o slight difference between the formal
collection process and the informal collection process, 1t is also noted that some pro-
cesses have shown negative environmental impacts, while other processes indicate
positive environmental impacts, Among these processes, the metal electronic refin-
ing process has the highest negative environmental impact, and the feature phone
part recycling process has the largest positive environmental impact.

11.4.4.3 Smartphone Formal Collection Scenario

The environmental impact of smarphones on the life oele (formal scenario) is
shown in Figure 116, After 10000 itecations of MCS, the results show that the total
0, emissions equal o or less than 0 kg CO.e are 70%. The cumulative probability
of the ttal GHG emissions on smartphones {(formal scenario) s presented in
Figure 11.7. The corresponding impact comprises six paris: the impact from waste
smartphone collection, the impact from waste smartphone dismantling, the impact
from waste smartphone part recycling. the impact from battery disposal, the impact
from metal electronic refining, and the substitution impact from waste smariphone
metal recycling,

The results indicate that four processes, namely phone collection, phone disman-
ting, battery disposal and metal electronic refining, have positive GHG emissions.
In other words, these mentioned processes exert negative impacts on the environ-
ment. In particular, the metal electronic refining process has the largest impact,
followred by the phone dismantling process, which has the second greatest impact.
The impacts from phone collection and battery disposal processes are similar,
and both are very minimal, set between 0.03 and 0.04 kg COue. The other two
processes, namely phone part recycling and phone metal recycling, have negative
GHG emissions. In other words, they exert positive impacts on the environment.



114 Cose Study | 245

Cumilative percenags - Smart farmal

Toteal emissions [(Kg GO, eg.}

Figure 116 Life cycle environmental impacts of smarghones (larmal scenaria).
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Flgure 11.7 Cumulative probability of the total GHG emissions on smartphones {foomal
SCenario),

Particularly, by replacing waste plastic materials and waste screen plasses from
wasle simartphones, the phone part recycling process can reduce the largest amount
of GHG emissions, which s more than 0.2 kg COye. Additonally, by substituting
metals from waste smariphones, the phone metal recvcling process can also reduce
GHG emissions, which hits approximately 0,15 kg COe, In this case, copper, gold,
and silver were recycled and substinuted.

In summary, regarding smariphone LOA analysis under formal scenarios, some
processes have shown negative environmental impacts, while other processes indi-
cate positive environmental impacis. Among these processes, the metal elecironic
refining process has the largest negative environmental impact, and the smartphone
part recycling process has the largest positive environmental impact.
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11.4.4.4 Smartphone Informal Collection Scanario

The impact of & smactphone’s life cyele on the environment {informal situation) is
shown in Figure 11LE, After 10000 iterations of MCE, the results show that the prob-
ability of tdal CO0, emissions egqual to or less than 0 kg CO0ye is approximately 70%.
The cumulative probability of the total GHG emissions in smactphones (informal
seenario} is presented in Figure 11.%, The corresponding impact comprizes six parts:
the impact from waste smactphone collection, the impact from waste smarphone
dismantling, the impact from waste smartphone part recveling, the impact from bat-
tery disposal, the impact from metal electronic refining, and the substitution impact
from waste smariphone metal recycling,
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The resulis indicate that four processes, namely phone collection, phone disman-
tling, battery disposal, and metal electronic refining, have positive GHG emissions.
In other words, these mentioned processes cxert negative impacts on the environ-
ment. In particular, the metal electronic refining process has the highest impact,
followed by the phone dismantling process, which has the second greatest impact.
The impacts from phone collection and battery disposal processcs are similar,
and both are very minimal, set between 0.03 and 004 kg COue. The other two
processes, namely phone pant recycling and phone metal recycling, have negative
GHG emissions. In other words, they exent positive impacts on the environment.
Particularly, by replacing waste plastic materials and waste screen glasses from
wiste smartphones, the phone part recycling process can reduce the largest amount
of GHG emizzions, which is more than 0.2 kg CO,e, Additionally, by substituting
medals from waste smarphones, the phone metal recvcling process can also reduce
the amount of GHG emissions, which hits approximately 0,15 kg OO0, e, Inthis case,
copper, gold, and silver were recycled and substituted,

In summary, LCA analyss of smartphones under informal scenario is very similar
tor thiat wnder formal scenarios, except for the impact penerated from the waste smart-
phone collection process, which shows a slight difference between the formal colbes-
tiom process and the informal collection process, TUis also noted that some processes
have shown negative environmental impacts, while other processes indicale positive
environmental impacts, Among these processes, the metal electronic refining pro-
cess always has the largest negative environmental impact, and the smartphone part
recycling process always has the highest positive environmental impact,

1145 Discussion

Based on the LOA results, it can be repredicted thar the metal electronic refining pro-
cess always hos the highest negative envimonmental impact in all four scenarios, and
the part recycling process always has the preatest positive environmental impact,
In addition, the phone dismantling process plavs a more important mle in smart-
phone seenacios than in feature phone scenarios since their Life cvele environmental
impacts are much higher, However, the phone metal recycling process shows a dif-
ferent context; it has a much higher impact in the feature phone scenario than in the
smartphone scenario regarding the larger positive environmental impacts. Regard-
ing phone collection and battery disposal processes, relatively similar impact results
can be traced in all four scenarios: just between (L1 and 0,5 kg CO,e.

The reazon for dividing the phone collection process into formal collection and
informal collection & that the informal collection approach s actually widely
accepted in the Chinese scenario, As the mobile phone weight, metal, and other
material content information varies from feature phone and smariphone, we also
intend to divide mobile phone types inio feature phone and smartphone when
we are conducting LCA analysis. Motably, there was only a very slight difference
between the formal scenario and the informal scenario, and the impact from the
phone collection process in all scenarios was relatively small among all processes.
However, in regard to the impact from different mobile phone types, owing to
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the relatively higher metal content, the metal electronic refining process in waste
feature phones actually poses a larger environmental impact than that in waste
smartphones, which will significantly increase GHG emissions. Additionally, due
to 4 higher metal content, the substitution impact from waste feature phone metal
recycling is larger than that from waste smariphone metal recycling However,
because of the phone weight differences, the impact of waste smartphone part
recycling is higher than that of waste feature phone part recycling. signiticanthy
reducing GHG emissions. Therefore, future studies should focus on those processes
that have a greater impact on the environment. Examples include metal electronic
recycling processes and mobile phone dismantling processes.

A great variety of valuable metals are stored in waste mobile phones, including
some high-tech metals; in particular, the main high-tech minerals contained in
wiaste feature phones are palladivm and cobalt, while waste smartphones mainky
contain cobalt, praseodymium, palladivm, beryllivm, neodymium, antimony,
and platinum {Cucchiella et al. 2005, He et al, 2008; He e al. 2021), In this case
study, we only considersd thres common metals, namely copper, gold, and silver.
Copper, 25 an important common metal, hos a very high content in waste mobile
phones, That is, the impact of refining copper from waste mobile phones would
be the preatest among all other metals, In other words, refining copper would
cause the most significant epvironmental impact, which will deamatically increase
GHG emissions, For precious metals such oz gold or silver, the relative impact
of refining them would be much less significant, but they still deserve attention,
Future LCA studies should expand the category of metals in woste mobile phones.
Expanding the category from precious metals to high-tech metals certainly comes
with many challenges, For example, refining one particular type of high-tech metal
may cause the loss of another tvpe of high-tech metal, Therefore, it is Important
to develop a scientific standard on how o refine high-tech metals by sequence,
with minimal influence on each other. Additionally, future studies should alss
combine life cycle cost (LCC) analysis with the LCA method in regard to various
high-tech materials in waste mobile phones. From an economic perspective, our
previous study indicated that the LCCs of extracting high-tech minerals (HTMs)
from one waste feature phone are USE 6.035 for 1g of cobalt and US$ 0.014 for
1g of palladium, while the LOCs of extracting 1g of cobalt, palladivim, antimasny,
beryllium, neodymium, prasecdymium, and platinum from one waste smariphone
are USE 100106, USS 0024, USS 0,135, USE 0003, USE 00K, USE 0016 and
LIS 0,006, respectively (He e al, 2020). Therefore, it 18 also crucial to investigate
the LCAs of recycling high-tech materials from waste maobile phones from an
ervironmental perspective. By combining the LOC and LCA methods, primary data
wiould be available for decision makers or future recycling indusiry development. In
China’s case, the "Regulations on the Recycling of Waste Electrical and Electronic
Products” (also known as the China "W EEE Directive) was issued in 2008, However,
only five main product categories were covered, namely freezer, washer, television,
air conditioner, and computer. Until 2016, mobile phones were still included in
the latest WEEE management directory (WEEE Catalog 2014). This was the first
time that proper recycling management of mokile phones has been required and is
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subject to legal supervision. Even if the laar stipulates that waste mobile phones can
anly be disposed of by recycling companies officially certified by the povernment,
maobile phone manufacturers and imporiers must also pay fees to the central WEEE
management fund. However, detailed guidelines on how o execute this mandated
requirement arc still ambiguous, As the results of this case study show that the
metal electronic refining process always has the greatest negative environmental
impact, it is indispensable to take necessary action to tackle this isswe. For cxample,
fund subsidy policies for some major electronic products con potentially be utilized
im future mobile phome scenarios, Currently, formal povernment-ceified recyeling
companies lack the motivation o collect and recyele waste mobile phones, both
economically and efficiently, If o detailed mobile phone fund subsidy policy is
released, such formal companies would be strongly motivated and begin o collect
and recycle waste mobile phones, The metal electronic refining process’s negative
emvironmental impact i likely to be diminished, as these formal companies usually
followw strict professional operational procedures,

11.5 Conclusion

The life cycle emvironmenial impacts of the recycling process of two different types of
waste cellphones and common metals contained in them were assessed by following
the standardized 150 14040 procedure. Four scenarios were possible: feature phone
formal scenario, feature phone informal scenario, smariphone formal scenarino, and
smariphone informal scenario.

Apecifically, in the feature phone formal scenario, impacts from phone collection
and battery disposal processes are minimal, which is between 0 and 0.05 kg CO.e.
By replacing waste plastic materials and waste screen glasses from waste feabure
phones, the phone part recycling process can reduce the large amount of GHG cmis-
sions, which is more than 0.2 kg CO,e. Additionally, by substituting metals from
waste feature phones, the phone metal recyeling process can also reduce the amount
of GHG emissions, which hits approximately 0,15 kg 00, e

In thie Feature phone informal scenario, impacts from phone collection and battery
dizposal processes are minimal, which is between 0 and 0,05 kg COe, by replacing
waste plostic materials amd waste screen glasses from waste feature phones, phone
parts recveling process can reduce the biggest amount of GHG emissions, which
is more than 0.2 kg COue, Additionally, by substituting metals from waste feature
phones, the phone metal recyeling process can also reduce the amount of GHG emis-
sions, which hits approximately 0,15 kg C0,e,

In the smariphone formal scenario, impacts from phone collection and battery
dizposal processes are similar, both are very minimal, which set out between 0.03
and 0.04 kg CCye, by replacing waste plastic materfals and waste screen glasses from
waste smartphones, phone parts recycling process can reduce the biggest amount
of GHG emissions, which is more than 0.2 kg O0,e. Additionally, by substituting
metals from waste smaniphones, the phone metal recycling process can also reduce
the amount of GHG emissions, which hits approximately 0015 kg CO.e.
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In the smartphone intormal scenario, impacts from phone collection and battery
disposal processes are similar, both are very minimal, which set out betwesn 0.03
and 0.04 kg CO.e, by replacing waste plastic materials and waste screen plasses from
waste smartphones, phone parts recycling process can reduce the largest amount
of GHG emissions, which is more than 0.2 kg CO.e. Additionally, by substituting
metals from waste smariphones, the phone metal recycling process can also reduce
the amount of GHG emissions, which hits approximately 0,15 kg CO.e.

The results in all four scenarios show that there is over 78 chance that the
recycling of waste cellphones has zero or negative cmissions to the environment.
The metal electronic refining process always has the largest negative environmental
impact, while the part recvcling process always hos the largest positive environ-
mental impact. The phone dismantling process plays a more important role in
smartphone scenarios than in feature phone scenarios due o their much higher life
cvele emvironmental impacts, Besides, phone metal recyeling bas a much higher
impact in the feature phone scenario than in the smartphone scenario regarding
the greater positive environmental impacts. Finally, phone collection and battery
disposal processes and relatively similar impact resulis can be treced in all four
scendrios. The resulis add new knowledge to LCA studies regarding the most
commonly used phone products and common metals they contain,
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12.1 Introduction

12.1.1 Technological Innovation and Waste

Technological innovation, one of the mainstays of our society, aims at a better life for
all. Howewver, as most product life cycles become shorter, technological innovations
are accompanied by an ever-increasing amount of waste. Electronics waste is the
world's fastest-growing solid-waste stream. According to the Global E-Waste Moni-
tor 2040, 536 Mi of e-waste have been produced worldwide in 2009, and this amount
is cxpected to reach 74.7 Mt by 2030 { Forti et al. 2020).

Aince waste management is one of the primary scrvices that cities provide at a
grovwing cost, the mayors of the world's great cities have recognized that “bold action
on waste management is key to making our urban cenires cleaner, healthier, more
resilient and inclusive,” That is the essence of the “C40 Cities: zero waste declan-
tion” (C40 Group 2020). With thizs grand objective in mind, these citics have imple-
mented 8 municipal recycling strategy partially detailed in Figure 12.1. Notably,
composting of organic waste is one of those environmental technologies that the
municipalities infend o implement, The achisvement of the goal requires the par-
ticipation of socially responsible citizens and the contribution of scentists and engi-
meers o develop eco-frendly products and efficient environmental processes,

The current trend in the materdal design Geld is wward eco-design principles
implemented in the ficst stages of product development (Morini et al, 2009, Quan-
tifving resource wlilization and environmental impacts of all steps into material
production allows for a reduced ecological fospring without diminishing technical
performance, Life cycle assessment (LCA)J is the most recognized methodobogy for
the evaluation of environmental burdens,

Elevironic Waste: Bropeling ard Beprovessiag Jor o Sustoinebie Future, Fist Edilion.
Edited by Mara E Holuszkno, Amit Eumar, and Denise C. B. Espinosa.
2022 WILEY-VCH GmibH. Published 2022 by WILEY-VCH GmbH.
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12.1.2 Eco-friendliness

Eco-friendliness incorporates several aspects of materials” conception such as their
design (e.g. the choice of materials and manufacturing processes) (International
Organization for Standardization 2003, 2020; Lhopital and Bordignon 20087, their
ingredients (e.g. ecotoxicity), and their origins (e.g. petrochemistry va. biorefinery)
(European Union 2006, 2015), and their end-of-life treatment (European Union
2012} To address the end-of-life issues of organic materials, we need o focus on the
ability of biological ecosystems to efficiently induce changes in the microstruciure
and polymerization degree of the materials. A biosourced organic material does
not auiomatically gualify as eco-friendly or bindegradable. In the near future,
electronic devices biodegradable or compostable, based on bicsourced materials,
could alleviate the environmental of the electronics sector (Irimia-Viadu 3014;
Gouda et al. 2019).

12.1.3 Organic Electronics

Organic electronics are based on organic molecules and polvmers featuring elec-
tromic conjugation (alternation of singhe and double carbon=carbon bonds) {Heeger
2001) Organic conjugated moleculss (ep anthrocene, tetmcens, pentacens)
and polvmers (ep polvthiophene, polvacetylens, polypyrrole [PPy], pobyaniline,
polyi p-phenylene), polvip-phenylens vinylene)) feature electrical conductivity from
~I0-Em (insulating materials) o 10*5/m {metallic matedals), The electrcal
conductivity of organic semiconductors generally goes from within 107 to 107 5/m.
The conductivity of organic semiconductors can be moditied by electrostatic
(field-effect), chemical, or electrochemical doping approaches. Chemical organic
synthesis, through moditication of the molecular structures, opens the opportunity
to conirol the functional properties of the semiconductors. A few examples of
molecular structures of organic semiconductors ane reported in Figune 12,2

Weak van der Whaals intermolecular interactions confer on organic clectronic
miterials mechanical softness for applications in tlexible, stretchable, conformable,
and wearable electronics and enable mixed ionic/electronic conduction tfor applica-
tions in imperceptible electronics, bicelectronics (i, the field interfacing biology
and clectronics), smart packaging, and environmental sensing {Root et al. 3017;
Berggren and Malliaras 2019).

Organic semiconducting thin hlms, typically ~50nm thick, are critical compo-
nents of organic photovoltaic cells, organic light-emitting dicdes, and held-cfect
tranzistors (FETs) (Baumgariner et al. 201 7a; Kagni et al. 2007).

In the context of cowaste, reusing and recyeling electronic devices is not only envi-
ronmentally desirable but also economically viahle and increazingly socially accept-
able. In parallel, nowvel approaches are being investigated in the field of sustainahle
igreen) electronics adopting the idea of circular design, or eco-design, applied to the
electronics sector. Electronic devices based on organic biosourced or synthetic
molecules have the potential to be biecdegradable in controlled environmern-
tal conditions, thereby “integrating” into the emvironmental cycles.
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Figure 12.2 Strectures of small molecules of interest in prganic electranics (a) anthracena,
tetracene, and pertacensa Seurce: (3] Wang et al [2014), (5 benzoquinane and
anthracenequinane Saurce; [b] Mamada et al, (2000), (€] heteropentacensguinane and
N-heteropentacenequinone Source: (o) Liamg et al (2010, and {d) quinacridone. Source:

) Yanagisawa et al (2008

1214 Opportunities for Green Organic Electronics

Mature could be a source of arganic electronic materials extracted from hiomass
feedstock. The synthesis and processing of organic electronics materials and
corresponding thin films through green chemistry principles amenable to devices
is al=o under investigation. Solution-based processing (ep. through printing) of
organic electronic materials is expected o lead w devices featuring lower embodied
energy than their inorganic counterparts, usually fabricated vsing high-vacuum
and high-temperature techniques (Irimia-Vladu et al. 201%; Baumgariner et al.
2017k} Some organic electronic materials and devices offer the opportunity to be
biodegraded in natural ecosystems or composted at their end of life (Baumgariner
et al. 2M7b). In this chapter, we discuss the possibility to compost organic
{carbon-based) electronic devices and related organic powering elements
at their end of life, with the ultimate goal of limiting the environmental
footprint of the electronics sector.

12.2 State of the Art in Biodegradable Electronics

Bindegradable clectronics have produced trensiens devices degrading in agueous
solutions, mainly for biomedical applications {Hwang ct al. 2002, 2004a; Fu ef al.
2016; Luo et al, 2013; Feig et al, 2008; Tran et al, 2019} The combination of organic
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and inorganic materials enables high-performance devices. Although the degrada-
tion of inorganic materials has been studied for years in the context of corrosion
science, most shudies have focused on bulk materials submerged in cormosive
covironments such as strong acidic or basic solutions. The study of degradation
im biological solutions of clectronic materials and devices in thin-film form is the
ohject of increasing attention by the research community. Literature has shoamn
that mono-silicon-nanomembranes (5i-Mb=) (30-300nm thick), polycrystalline
silicon {poly-3i), amorphous silicon (a-33), germanium {Gel, silicon-germanium
alloy (5iGe), indium-gallium-zine oxide (a-1GZ0), and zinc oxide (Zn0) arc
dizsolvable in physiological aqueous solutions (Hwang et al. 2012, 2014a.b; Kang
ct al. 2015%; Dagdeviren et al. 2013; Yin ct al. 2015b). Together with degradable
imorganic diclectrics, metals, and polymer substrates, dissolvable 5i-MNMs enable
fully bisdegradable electronics with superor operation characteristics that can also
be compatible with semiconductor foundry processes (Yin et al, 200150 Chang et al,
2M 7Y Demonstrated devices include arrays of basic building blocks for infegrated
circuits [resistors, inductors, capacitors, diodes, and transistors) (Hwang et al,
200 2), temperature sensors (Hwang et al. 20012; Salvatore ef al. 2017; Kang & al.
2016}, dissolvable streichable electrophysiological and pH sensors (Hwang ef al,
2005, degradable power devices (radio frequency electronics (Hwang et al, 2003},
Zn-based piezoelectric energy harvesters (Dagdeviren of al, 2013}, supercapacitons
(Lee et al, 2007}, and batteries (Yin et al, 2004),

The only class of materials for organic electronics whose biodegradation, mainly
in agquenus emvironments, has been studied is represented by Hebonded pigments
(Irimia-Viadu et al. 2009}, H-bonded organic semiconductors (mostly pigments
and dyes) are among the most importont classes of organic electronic materials,
Their core functional groups are diketo pyerolo pyrrole (DFP), anthraguinone,
acridone, indige, and naphthogquinone, among others (Irimia-Viadu et al. 2009),
such materials feature air stability, processability into thin films, and, despite the
limited intramolecular z-x conjugation, long-range order, thanks o extensive van
der Waals interactions and intermolecular z-x conjugated networks Bao’s group
incorporated conjugation breakers with different H-bonding chemistries and linker
flexibilities in PP and studied the mechanical and electrical properties of the
corresponding polymer films in view of their application in stretchable electronics
chemical modetles cavsing a stronger H-bonding interaction result in a higher
modulus and higher crack on-set steain (Zheng et al. 2020).

Most of H-bonded organic pigments are highly resistant to microbial atack, Toxic-
iy oo microbes, plants, and animals has been reported for indigo and indigo carmine
dyes (Irimia-Viadu et al. 2009). Interestingly, the white-rol fungus Phanerochaete
chryzosporium can degrade indigo and its derivatives owing to the production of
two families of extracellular lignin peroxidase (LiF) and manganese-dependent
peroxidase (MnP) and a H,0,-generating system (Irimia-Vladu et al. 2019). The
metabolic pathways and biological mechanisms of this process are being elucidated,
huit toxicity studies of the intermediates and final degradation products have yet to
e done (Fabara and Fraaije 2030 Ma et al. 2015; Montazer and Sadeghian Maryan
20100
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Bao's group (Feig et al. 2008} recently proposed to categorize biodegradable elec-
tronic systems into two groups: type [, where only the inert host matrix is hiode-
graded; and type I1, where both the electroactive polymers and the host matrix are
biodegraded. Examples of type [ include biodegradable electronic systems based on
cellulose nanofibril paper for edible and eco-friendly applications { Jung et al. 2015}
In type L1, the electroactive polymer is reveried to its monomer components allowing
for monomer recycling, representing a great opportunicy toward reducing electronic
waste. Current strategy for achieving fully biodegradable electric components can
be separated into two main approaches, namely the use of naturally occurring con-
jugated biopolymers and the fabrication of synthetic polymers using conjugation
breakage and hydrolysable bonds.

Maturally occurring conjugated polymers such as indigo (Irimia-Viadu et al
2012), melanins (Gouda et al. 2009%, or p-carotene (Ramachandran et al. 3003
spark the interest of researchers as they are often nontoxic and undergo bindegra-
dation processes. Monconjugated linkers and hydrolysable bonds, like ester or
imine functions, hinder the electrical conductivity of synthetic type I polymers but
allow to break the hackbone into reusable monomer molecules. Using imine-based
monomer building blocks, Bao’s group formed a conductive polymer that could
then be reverted io its original components by exposition to slightly acidic aque-
ous solutions. By combining this type of polymer, a cellulose subsirate and iron
current collector, the group demonstrated a fully degradable transistor (Lei et al.
2017). Finally, by phase segregating a semiconducting polymer {built by stepwise
palymerization of dialdehyde-functionalized (DPF) and p-phenyldiamine {PFD):
[ DPP-FPD)]) in a biodegradable elastomer (an urethane-based polymer: E-PCL).
Bao's group was able to create a fully biodegradable and siretchable conductive
material that could be used for the design of medical implanted self-degrading
sensors (Tran et al. 3019

12.3 Organic Field-Effect Transistors (OFETs)

1231 Fundamentals

Transistars are three-terminal semiconductor devices used as curment switches and
amplifiers. In modern electronics, hillions of amplifier and switch transistor chips
are embedded in a zingle integrated circuit {IC) o assemble microprocessors for
computer memories. In this process, known as chip bonding, chips are connected to
the lead frame of chip carriers by metals such as An, Al, Cu, and Pb soldered wires
and, afterward, covered with molded plastic-based packages to protect them from
damage. Mowadays, transistor technology focuses mainly on crystalline silicon {c-5i)
and germanium (c-Ge) as the semiconductors and Au, Al, Cu, and Mi a5 metals.
Organic field-effect transistors (OFETs) are assembled in thin-film architectures:
source and drain metal electrodes are wsually directly deposited onto the organic
thin film channel, separated from the metallic gate contact by a dielectric layer. To
limit power consumption and operate at low voltage, the dieleciric layer should
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dizplay high specific capacitance. For superior ficld effect performance, the Schottky
cnergy barrier for injection of clectrons and holes at the metal electrode/organic
semiconductor interface should be minimized. This mismatch, known as energy
hand hending, cawses a nonohmic injection at the interface and stems from the offset
between the work function of the metal clectrodes and the highest occupied molec-
ular orbital (HOMO) and for lowest unoccupicd molecular orbital { LUBMO ) levels of
the organic semiconductor {Kymissis 2009} {HOMO and LUMO can be seen as the
valence band edge and the conduction band edge of conventional semiconductors).
Haoles {electrons) are injected from the source (drain) electrode into the LUMO
{HOM)} lewvel of the organic semiconductor. In an oplimized OFET architecture,
high work function metals, e.g. Aw, Al and Cu, inject holes and b work function
metals, ez Ca, Mg, inject electrons. However, Au is the most commonly used
metal electrode for both source and drain becouse of its air stability (e it does
mob form oxides) and quite good electron injection, The band-bending issue can
b sobved by using carbon nanotube (CHTbased electrodes (Valitova et al. 20130,
CMTs are hollow low-dimensional, high-aspect-ratio mlled-up graphene sheets
featuring nanometer scabe diameter and conductivity appmaching that of metals
(~10° S/em).

Most of natural and symthetic organic semiconductors suffer from high struc-
tural disorder because of weak intermolecular van der Waals bonds, This causes
short-range s-electron delocalization, a limiting factor w promote eficient charge
carrier transport (Malliares and Friend 20050 In the quest of high-pedormance
OFETs, attention has been mainly devoted o fused planar structures with high
degree of intramolecular moonjugation and close molecular packing such as single
crystal scenes (Wang et al, 2004; Aleshin et al, 2004; De Boer et al. 2003; Butko et al,
2003; Schin et al, 2000; Kim et al. 2007} (i, anthracene, teiracens, and pentacens,
Figure 12.2a), Single crystals” acene-based field-effect mobility outperforms that
of amorphous silicon by about 2 orders of magnitude. However, their air stability
is rather poor. Recently, air-stable hydrogen-bonded organic semiconductors (l.e.
indigo [Trimia-VIadu et al. 2002] and ryrian purple [Glowacki et al. Z02]) were
explored as novel materlals for OFETs, reaching mobility close to 2em®/vis
CIrimia-Viadu 2014}, In these systems, the lack of an effective intramolecular
conjugation is balanced by the occurrence of inter- and intramolecular H-bonds,
Such bonds improve charge carrier delocalization by enhancing the electronic
coupling between nelghbor molecules and confer high laitice energy 1o H-bonded
semiconductors. Thus, H-bonded organic semiconductors feature, in principle,
superior thermal stability with respect to comventional, single-crystal van der
Waals-bonded semiconductors.

Along with indigs and ryrian purple, quinones are small organic molecules that
contain two adjacent {or separated} carbonyl groups in an unsaturated six-carbon
ring structure (Allen and Martin 3007; Blankenship 2014} In nature, there are
over 2400 guinone species (W et al. 2017). Quinones and their derivatives (ie.
anthraquinones (ACH (Zhao et al. 2020; Mamada et al. 2009), benzoguinones {BO
(Mamada et al. 2000}, N-heteropentacenequinones (HAD) (Liang et al. 2010; Shi
et al. 2014), quinacridones (QA) (Yanagisawa et al. 2008; Berg et al. 200, Glowacki
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ct al. 20013}, Fipure 122} are among the most interesting H-bonded semiconductors
{Irimia-%ladu 2014} In particular, their molecular packing and HOMO-LUMO gap
can be tuned by functionalization { Zhao et al. 2019). These features make quinones
attractive for the development of greener electronic devices. In Table 121, we report
a few functionalized guinone thin film-hased organic semiconductor channels for
(FETs.

12.3.2 Anthraquinone, Benzoquinone, and Acenequinong

The excellent electron-pcceptor properties of AQ, B0, and HAD make them ideal
camdidates for conceiving n-type chanoel OFET: (Liang et al. 2010; Mamada
ct al. 2009; Shi et al. 2014; Zhao ct al. 2019; Zhang ct al. 2019; Tang et al. 2000}
The pood tield-effect characteristics in quinone FETs stem from the H-bonded
malecular structure that is expected to offer good electron delocalization. Yet, for
achieving very high performance and stability in air, quinone derivatives with large
clectron affinity and decp LUMO levels are needed. To mect these reguirements,
the molecular structure of quinones can be properly modified by functionalization
(Liang et al. 2010; Mameda ct al. 2009; 5hi et al. 2014; Zhao et al. 201% Zhang
et al. 20190, For example, an clectron mobility as high as 0.28 cm?®/V/s is reported
for OFETs based on  bistrifluoromethylethynyl -9, 10-anthraquinones  {Zhao
ct al. 2019). The 9 10-anthraquinones {9,10-A0) are functionalized by attaching
trifluoromethylethynyl groups o their molecular backbone.

Similarly, the air-stable films made of 26-bis|2-(4-trifleoromethylphenyl)
thiazol-5-y]|benzo| 1.2-ed, 5-b [dithiophene-4,8-dione feature electron mobility of
about 0.1em?/V/s, and can be fabricated by attaching thiophene groups to the
sidechains of B(). This functionalization is followed by irifluoromethyethylation
(Mamada et al. 2000} Air-stable fluorinated pentacenequinone {FPCOD and
N-heteropentacenequinones (MHPCQ) can be synthesized by attaching F and W
atoms at different sites of pentaceneguinones (Ragni et al. 2007 Both types of
functionalization translate inte chemically stable, high-electronic quality quinone
films, with field-effect mobility between 0.1 and 0.2 cm? Vs (Liang et al. 2010; Shi
et al, 2014).

12.3.3 Quinacridones

Cuinacridones ((As) are synthetic derivatives of acridones in natural dyes. They
are planar molecules forming different H-bonded, n-stecked crystals (Lincke 2002).
The significant interest around CAs is originally derived from their extensive use
as coloranis for automaobile and industrial coatings. It is only recently that atien-
tion was paid to QAs as organic thin-film semiconductor channels for OFETs. QA
thin films exhibiting limited air degradation with respect to conventional acene films
have been demonsirated (Glowacki et al. 2003). In OFET configuration, these films
show both p-type and n-type behavior {ambipolarity}, and feature hole mobility as
high as 0.2 cm /5 (Table 12.1).
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12.4 Electrochemical Energy Storage

1241 Quinones

Quinones are biosourced, low-cost, and nontoxic alternatives o inorganic
cnorgy-stomage materials (Wa et al. 2007 Han ot al. 20019; Liang et al. 2007}
Quinones act as biological proton/clectron transfer agents in natural systems.
The quinones’ role as electron mediators has inspired researchers o improve
the efficiency of human-made energy conversion systems, such as solar cells and
photochemical water-splitting devices, in which water decomposes into oxygen and
hydrogen (Cheng et al. 2012, 2013; Kato et al. 20112; Kim et al. 2014; BEodenberg et al.
Z016). In addition, quinones are involved in the production of energetic molecules
such as ATF carriers, through a mechanism analogous to reversible electron/ion
rransport in energy-siorage devices (Osyezka et al. 2004}, Quinone derivatives (g2
B} AC) {Figure 12.20) are investigated as alternatives o inorganic redox couples
in redox-Mow batteries (Lin et al. 2005 Huskinson et al. 2014 Perry amd Weber
2016), They also have been wsed in the development of sustainable electrodes
for rechargeable batteries (Liang «f al. 2007; Park et al, 2015 Ding amd Yu 2006;
Ma et al. 20016; Kim et al. 20016), The L4-benzogquinons (1,4-B00 can deliver a
theorctical capacity of ~496 mA h/g at 28 vs, LiVLi* (Yokoji et al. 2016), which
can be compared to conventional inorganic cathode materials such as LiCo, 0,
[~140mAh/g at 39V vs. Li/Li*) (Dong et al. 2018) and LiFePO, (~170mAh/g at
3.A45% w=, LifLi* ) (Figure 12.3) (Xu et al. 2015}

Researchers are currently conceiving cost-cffective bio-inspired systems for
energy harvesting and corversion that may provide superior performance without
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Figure 12,5 Comparison between arganic electrode materials (QEMs) and inarganic anes
for Li batteries in discharge potentials and specific capacities. Source: Poizat et al. (20201
Besides the ability ta bind monavalent [eg. H®, Ma®, Li*, and K7} and maultivalent cations
fe.g. Mg*, Zn*?, Ca*s, and AL**), quinones feature high-power density, long cycle Life, and
struwcture stability [Liang et al. 2017; Mauger e1 al. 2019; Han et al. 201%).
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posing a threat to the environment. In recent years, a large class of guinone-based
redo-active biomolecules and biopolymers (Figure 12.4) have been studied as
cnergy-storage materials in various clectrochemical techmologics such as agueous
batteries (Liang ot al. 2017; Ma ot al. 2014; 5ong et al. 2004, 2015; Vonlanthen et al.
2004; Zhou et al, 2015; Huskinson et al. 2014), supercapacitors (Kumar ot al. 2016;
Mukhopadhyay ot al. 2007; Magaraju ot al. 2004}, and light-assisted supercapacitors
(xu et al 2009 Zhu et al. 2016a)

12.42 Dopamine

Dopamine (DA) is a biochemical molecule that mimics some key chemical struc-
tures of the adhesive proteins (1-3,4-dihydrogyphenylalanine [OPA]) in mussels,
It self-polymerizes into polydopamine (PDA) under alkaline agueous conditions in
which the catechol functional group oxidizes to gquinone (d'lschia et al. 2004).

Polvdopamine-coated few-walled carbon nanotubes (PWCNT:) wene reported as
fres-standing and fexible cathode materal for organic rechargeable Li- and Ma-ion
balleries in organic electrdytes (eg LIPF, 1M in o mixture of ethylene carbonate
[EC] and dimethy] carbonate [DMC] [3: 7 v : v] and MNaPF, 1M in o mixture of
EC/DMC [3: 7 v Delivering grovimetric capacities of 133 maA h/g in Li-cells and
109 mA hfg in Maecells, exploiting both the double-layer capacitance of FWCMN TS and
miultiple redox reactions of polydopamine, and featured outstanding cyeling stabil-
ity (Liuv et al. 2007} A biohybrid electrode matedal from dopamine, copolymerized
with pyrrode in panofibrillar PPy DA structure, was reported as cathode material
for rechargeable Li-ion batteries, This hybrid electrode material reversibly storsd
160 and 90mA hig at discharging rates of 100 and B0 mASg, respectively, with a
Coulombic efficiency of almest 1006 in 1M LIFF, in EC/DMC (1 : 1; viv) {Liedel
et al. 2018), Polydopamine on CMNTs was not only used in rechargeable Li-lon and
Ma-ion batteries but was also as cathode material for agueous Zn-lon batteries, This
biohybrid electrode exhibited a specific capacity of 126 mA h'g and capacity reten-
ton of 965 after 500 cycles in 3.3 M ZnS0, agueous solution (Yue et al, 2009),

12,43 Melanins

Melanins are disordered macromolecules poorly soluble in most organic solvents,
Eumelanin, pheomelanin, neuromelanin, allomelanin, and pyomelanin are sub-
groups of melaning (d'lschia etal. 20200, Meuromelanin is present in two areas of the
human nervous svstem: the locus coenileus and the substantia nigea of the brain; it
plays an important role in brain aging and Parkinson’s disease (Segura-Aguilar et al.
2014} Eumelanin has fascinated the scientific community because of (s widespread
accurrence in the biosphere and unigue physicochemical properties such as broad-
band aptical absorption {Meredith and Sarna 2006), metal-ion chelation (binding
affinity) (Lydén et al. 1984; Hong and Simon 2007, hydration-dependent electrical
and photeelectrical response {Mostert et al. 2012; Mostert et al. 2018).

Due o its elecironic conjugation, nontoxicity, biocompatibility, redox func-
tionality, and potential for biodegradability (Bettinger et al. 200%; Solano 2017),
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Hydroguirang [HI) Semiguinone [S0) Cluinang (L) Quingng iming (21

Figure 12.5 Hydraguinene (H2Q), semiquinone [50), and guinone () redax Tarms af the
building klocks of eumelanin: 5 G-dibydrogyindale {DHI) and 56-dibydroscyindole-2-
carbmeylhc acd [DHICA). R s -H in BHI, whareas R s the -C00H group in DHICA. The
quinone imine foom (00 is the tautomer of Q. Souwnce; Xu et al. (3019),

eumelanin has emerged as a promising material for a wide range of applications in
bicelectronics

Eumelanin originates from the oxidative polymerization of yrosine via two
building blocks: 5 6-dvhidroxindole (DHI) and 5.6-dyhidroxindole-2-carboxylic
acid (DHICA) (Figure 12,5).

The development of synthetic eumelanin based only on one of the two building
blocks, namely DHICA-melanin and DHI-melanin, hos provided o tremendous
ool in the explocation of the poorly understood physicochemical properties of
eumelanin for different applications such as elecirochemical energy storage,
memory devices, and sensors (Xu et al. 2019) The capability of melanin to
reversibly bind mono- and multivalent cations constitutes the foundation for
its use in enecrgy-siompe systems. Bettinger's group demonstrated the wse of
cumelanin electrodes in Mg*™ batteries in which the redox behavior is governicd
by two-clectron, beo-proton processes that bring catechols to ortho-guinones,
coupled with Mg insertion/removal (Jo et al. 2014). Melanin cathodes showed
charge-storage capacity of 60 mAh/g at 0.1 A/g for more than 500.cycles, appros-
imately rwice the capacity of melanin anodes (MmA h/g) in Na* batteries (Kim
et al. 2013). Santato’s group reported on the use of eumelanin grafied on carbon
paper electrodes as pseudocapacitive material with a gravimetric specific capacity
of Z4maAh/g in slightly acidic agueous electrolvie, with delivered maximum
power density of 20 mW /cm®, Onee in a symmetric supercapacitor configuration,
melanin/carbon paper electrodes showed a Coulombic efficlency of 99,7%, proving
goodd reversibility in the charge/discharge process (Kumar e al, 20060, Additionally,
flexible micro-supercapacitor {miniaturized supercapacitors with a fostpring close
o several square millimeters) on polyethylens terephthalate (PET) was reported
with SmW/em?® power density, energy density of 0.44mlfem®, and a specific
copacitonce of ~11 Ffg. Becently, the saome research proup reported on the use
of chemically controlled melanins (ODHI- and DHI/DHICA-melanins) formed
by solid-state polymerization at room temperature as sustainable organic redox
materials for light-assisted pscudosupercapacitors where the storage performance
of the device was improved under solar light (X et al. 2009). Under solar light
conditions, the capacity and capacitance of DHI-melanin electrodes significantly
increased, from 2.3 to 28mClem? {+22%) and from 3.8 to 5.3mFlom?® (+39%)
Once in supercapacitor configuration, besides featuring a Coulombic efficiency
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close to L0 after 5000cycles, the capacitance and capacity reiention of the
DHI-melanin electrodes improved after prolonged illumination, as did the energy
from 44 to 52ml/g {i.e. 00122 to L0144 mW h/g} and power density from 1.8 to
9%/ E

1244 Tannins

Tanning are secondary plant metabolites with molecular weights betaeen 300
and 3000 Da used since antiquity for leather production (Sieniawska and Baj
2017). They regroup over a thousand molecules with several different properties
(Khanbabace and van Ree 3001 ). If tannins hawe been used for various applications
since ¢ 1500 BC, most recent studies focus on medicinal applications (Wang
ct al. 2008} for their antioxidant {Yilmaz and Toledo 2004}, antitumor {Yang et al.
1999 Yoshizeram et al. 1987), and antiviral {Akiyvama et al. 2001) properties. The
malecular structure of tannins presents the highest phenol content among natural
phenolic biopolymers with 5.6 mol/g, which is 5000 more than lignin {Melone
ct al. 30313} Tannins regroup a large number of different molecules with different
clectrochemical signatures making their application to electrochemical storage
more complex and bess explored with respect to previously observed phenolic
biopalymers such as lignin {Mukhopadhyay et al. 2017). However, owing to their
reversible redox activity, they are studies for applications in energy-storage devices
[Temmink et al, 1989},

Tannins can be categorized into two groups: hvdrobyzable annins comprising the
gillotannins, ellagitanning, and complex tanning subgroups; and condensed nonhy-
drolyzable tannins featuring high molecular weight, up to 20000 Da (Khanbabase
and van Ree 2001} Afer cellubose and lignin, they are the most common plant
metabolites and compose most of forest industey waste (12-16% of bark by weight
[Hathway 1958]% Tannins can be extracted at low cost with eoviconment-friendly
squenus media (Vasques et al, 2008), The extraction process consizts of immersing
dry bark in water and shaking at mom emperature for B-10hours or boiling for
10-15 minutes. Afterward, the extracted solutions are filtered and concentrated
in a redary evaporator and dried in a vacuum chamber o obtain a concenirated
tannin powder (Temmink et al. 1989), Raimwater has been shown o extract
tanning from discarded barks resulting in water contamination and oxicity, giving
a further incentive in the use of tannins for other applications (Temmink et al.
1L,

The association of tannins and conductive polymers such as PPy can yield impres-
sive capacitances, Mukhopadhyay et al. report an increase from 94 F/g for PPy alone
to 370 F/g at 0.5 Afg (+293%) and from 7 to 196 Fig at 25 A/g (+2700%) using gold
as current collector (Mukhopadhyay et al. 30170 Furthermore, tannins have been
associated with metallic elements such as lithium to serve as natural ancdic material
and enhance battery properties. Bechargeable batteries using lithiated ellagic acid as
anade material showed high reversible capacities of 450 and 200 mA h'g at C/10 and
/2.5 discharge rate, respectively (Goriparti et al. 2013). The C-rate iz derived from
the current that is required to charge the cell within one hour,
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12.45 Lignin

Lignin is a three-dimensional amorphous and highly branched polyphenolic poly-
mer [ Figure 12.4) obtained through radical oxidative polymerization of three mono-
lignol units {p-coumaryl, coniteryl, and sinapyl alcohol) (Zhu et al. 20180; Thakur
ct al. 2004; Laurichesse and Awérous 2014). Lignin is the second most abundant
arganic polymer on Earth as it comprises c. 20-30¢% of the solid weight of plants.
Moreover, lignin can be found in large amounts in papermaking and cellulosic bio-
fuel industries waste. There are three main monolignolz, called p-hydrogphenyl
(H), puaiacyl (G), and syringyl {5}, that constitute its network and vary based on
their plant source. Lignin is extracted using a sulfate process that leads to the forma-
tion of Kraft lignins {alkaline lignin) and lignosulfonates, which are soluble in water
and acidic solutions (Van den Bosch et al. 3015). Milczarek and Inpaniis were the
first to report the use of lipnin/ PPy as hybrid electrode material tor supercapacitors
with specific capacitance range from 350 F/g for the thick electrode to 1000 F/g for
the thin one (Milczarck and Inganiis 2002}, The same research group proposed the
use of PEDOT with lignin in a hybrid electrode material that was synthesized using
chemical polymerization and electrochemical polymerization, showing a specific
capacitinoe of 170 F/g and capacitance retention (83% after 2000 cycles) (Ajjan et al.
2006). Suarcz et al. assembled lignin/ PEDOT in asymmetric and symmetric super-
capacitor conhguration. The former configuration, designed with the lignin/FEDOT
as the positive clectrode and with partially redweced graphite oxide (p-rGr) as the
negative electrode, exhibited specific capacitance c. 35 F/g (Mavarro-Sudrez of al.
200 7). The latter confipuration, where lignin/PEDOT and p-riGr0 were combined
into & homogeneous composite material for both positive and negative electrodes,
showed specific capacitance of 36 F/g with capacitance retention up to 9% atter
1000 cyeles. Recently, the same rescarch group reported the use of lignin/FEDOT
composite as cathode material in an all-organic aqueous polymer battery {Hernan-
dez et al. 2018). The full-cell configuration exhibited an cutput voltage of 1.0% and
delivered 40 mA/hg discharge capacity at 100°C with 85% capacity retention and c.
93% Coulombic efficiency for 800 cycles. Lignin has been used as cathode electrode
material and also as natural binder in lithium-ion batteries {Gnedenkov et al, 2015;
Maleki ct al. 30000, Moreover, lignin has been investigated as an additive material
for lead-acid batteries to extend cycling life by enhancing the mechanical propertics
[ Hirai 1 al. 2006),

12.5 Biodegradation in Natural and Industrial
Ecosystems

T realize our vision of eco-friendly green organic electronics, it is first imporiant
to have an understanding of the abiotic and biotic processes associated with
degradation and biodegradation phenomena, respectively. Billions of years of
evolution have provided microorganisms with the ability to benefit from the energy
stored in the chemical bonds of materials vin enzyme production. Interestingly,

269
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this knowledge led to the development of technologies like composting and many
others - in essence, our vision is inspired by nature,

12.5.1 Degradation and Biodegradation

Firstly, degradation relates to numerous abiotic phenomena taking place under dif-
ferent bio/geachemical environmenis for varying periods of time. These physical
and chemical processes result in some degree of deleterious change in the chemical
structure, physical properties, or appearance of a material. However, as is the case
for most petroleum-based plastics, degradation is more a question of size reduction
rather than of true chemical transformation into harmless products. This reduction
play= an important role in the migration of chemicals within or scross terrestrial and
gquatic coosystems, with countless harmiul effects on environmental homeostasis
and human health.

Interestingly, cellulose, one of the most abundant biopolymers on Earth, is a very
stable compound under abiotic conditions with an cstimated halt-lite of 5-8Ma
at 25°C (Wolfenden and Snider 2001} In contrast, under biotic conditions, wood
cellulosic fibers decay in soil within weeks or months in the presence of cellulolytic
microorganisms Even more intercsting is nature's ability to degrade lignin, the
second most abundant biopolymer on Earth. For millions of years, nothing could
break down lignim, the strongest substance in plant cell walls, When the fossil record
started showing trees being decomposed, around 200Ma ago, Bobinson {1990),
o geographer, proposed o new theorys something plaved a major role, something
eviolved the ability to “break down” lignin, Then, Morgenstern e al, {2008} and
Floudas and numerous collaborators (2012} discovered a group of fungi known as
“white rot fungi,” which had evolved the ability to decompose ligning that was at
approximately the same peological time that coal formation drastically decreased.
As we will see in the Microbiome section, tropical termites and rominants are
twir other beautiful examples of cosvolution between the host's micrdflora and
its dizt, the lipnocellulosic biomasses, Such research activity depicts the concept
of evolution of one of the most important bogeological cycles, the Carbon cyele.
Finally, evolution has also been observed in a man-made ecosystem, Le. a landfill
site filled with PET {polyethylene terephthalate) plastic waste for over 60 years, Such
perroleum-based material was thought to be nonbiodegradable until a Japanese
research team found amd [solated the bacterium fdeorelln sakaiensis H01-Fa,
which proved 1o be capable of enzymatically breaking down the PET backbone
(Yoshida et al. 2006), These cazes greatly illustrate the fundamental role of research
activities in bringing to light the extraordinary potential of microorganisms and
their enzymes o utilize substrates with diverse chemical structures,

secondly, the word "biodegradation” ks emploved specifically to describe biotic
processes ooccurring in different tervestrial and aquatic ecosystems. These ecosys-
tems may be natural or man-made, and the process of biodegradation can occur
over varying lengths of time. As both physicochemical {abiotic) and biological
(biotic) phenomena are interconnected, they panicipate concurrently in the
biotransformation of natural organic matter as well as anthropogenic organic
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waste and pollutants, In essence, that is the definition of a dynamic ccosystem
participating in the biogeological cycles of C, N, K, F. and some metal ions. Although
the latter are essential to0 sustain biclogical life, at sufficiently high concentrations,
theoy become toxic to most biota and disrupt key biological processes,

Finally, composting is regarded in the ficld of bioengineering as a =solid-state
fermentation process. The bioreactor design, process optimization strategy, and
microbiome characteristics are cormerstones in the development of an efficient
covironmental bintechnology. The bioreactor design aims at incorpomting a micro-
biome into 8 reactor adequately equipped for complete mineralization of organic
waste, in & short time. The total duration of a full composting cycle, which can
SPaT Ve one b0 bwo vears, is dictated by parameters such as pH, temperature, and
humidity, af the composting site, However, oz it will be discussed below, inoculating
a eompost heap with selected microbes may increpse the mte of biodegradation,
thereby decreasing the total time of the process or allowing a recalcitrant material
i biodegrade, The optimization of the process is schieved through variables
such as carbon-to-pitrogen rotio, pH, water content, waler activity (a,, ), Oy, and
particle i,

12.5.2 Composting Process

The fdlowing Sections 12,5.3=12.5.4 are, first, o summary of the knowledge and
a description of the methods for the successful composting of organic waste, Le
the main substrate, and secondly, o discussion of the advantages and challenges of
green organic electronics o be biodegraded a2 o cosubstrate, This approach, pre-
sented by Alves et al, (2019), was envisoged for the co-composting of truly recal-
citrant organic matter, namely petroleum hydmocarbon residues blended with easily
degradable substrates, ie “regular” organic waste, Similadly, Acas et al, (2019} stud-
ied the co-composting of forest and industrial wastes, which constitules a feasible
management technigue,

Although numerous videos and review papers present in endless detail the sci-
ence of composting (USDA Natural Resources Conservation Service 2010}, engineer-
ing principles relevant to the modus operandi (MDDELCC 2018 Josde 20 Zhang
el al. 2002}, and microbiology of composting, it is worth reviewing such hiopro-
cess on the basis of the fundamentals mentioned above, As shown in Figure 12.6,
the composting process (s essentially the same process as natural decomposition
with the exception of taking place in a designated faciliny. Composting is the aer-
obic biological decomposition of a blend of shredded solid organic matter of various
origing (e.g. from wood debris, leaves, garden waste, and grass clippings to animal
manure, fish waste, and crustacean shells, as well as papers, fabrics, and polylac-
tic acid |PLA-based or starch-based cutlery) into mature compost with the con-
comitant production of simple molecules (C0; and H,00 and heat, [ts relative sim-
plicity of operation, low-labor reguirement, and, more importantly, its efficiency,
make composting an environmenial technology favored by municipalities to man-
age household organic waste. The unigueness of this process relies essentially upon
its microbiome structure and diversity

m
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Figure 12.6 Illustration of the end of lite of hypathetical biodegradatle electronics.
Compasting i a bwo-step pracess, The first step is the thermophilic degradation, that is,
when temperature prafile can attain 70*C for a maximal rate of biedegradation. The second
step refers to the mesophilic maturation phase ar curing ghase. Here, mesophilic
organisms, mainly bactaria and fungi, recolonize the compost pile, the rate of
blodegradation gradually decreases, and the core reaches amblent tergerature. pH, water,
and axygen are essential parametens 1o the micrabial cormmunity (archaea, bactesia, fungi,
and protozoa) for transformation of crganic substances into H, 0, €O, and humus-Like
materials. The micrabial activity occuss at the micrascepic Level within a porous
airfwaterfsolid structure, highlighted i the white square, Source; Lei et al, (2017) and Pujal
(2012] Licensed under CC BY 4.0

Although the microbiome is the cornerstone of the composting process, it is only
one picce of the multiparameter puzzle illustrated in Figure 127, The design of
the bioprocess is the first step reguired to ensure its effectiveness. To date, numer-
ous composting strategics have been designed; however, the windrow is the classi-
cal approach tor composting large quantities of organic waste in open-air facilities.
Windrows {Figure 12.7a) of 250 m? typically have dimensions of 2m = 5 m = 50% m
e allowr for opdimal surface area to volume ratio; one of the parameters reviewed
in great detail by Mason (30070 According to his findings, the range of values of
full-scale systems were estimated tobe from 0.4 160 3.8 1 m?/m’. To ensure proper
ventilation of the compost pile, either a passive or forced air system should be wsed
{Figure 12.7a).

A cross-section of a compost pile reveals schematically the interconnection
between the binlogical activity and key physical phenomena, such as compaction,
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Flgure 12.7 Process kinetlcs averview: {a) process dasign, (b} Interconnected parametars,
(c] gas concentration profiles, (d) process kinetics, (e} compasting phases, (f) microbiolagy
(gl end praduct, (h) trace inorganics, (1] microbial pathogens and ecotoxicity Source:

(a) Abu Cdais and AL-Widyan [2016), (b, d-R] Pujol (2012, (c) Stegenta-Dabrowska

et al, (2019}

heat genecation, drying, and aeration {Figure 12,76), Moably, the material com-
poction oocurs as it is being degraded, o process accompanied by the liberation
of heat, This heat leads to the evaporation of water from the solid matter that
results in greater compaction of the organic matter. To prevent an unfavorable
cutcome, it is advantageous o add some structural ingredients o the organic
matter as well as to install adeguate controd systems for maintaining O, and
COy levels and water content within the acceptable range. Mason (2007} and
Dudart (2014) modeled the O, and CO, profiles for a better understanding of the
composting process efficiency (Figure 12.7¢). The second set of considerations that
bicengineers must evaluate to achieve successful composting i process kinetics
(Hamelers 2001). Mason (2007} provides excellent explanations of mathematical
models of the composting process that have been derived from both energy and
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mass balance considerations, with solutions typically dedved in time, and, in
some coses, spatially (Figure 12.7d,e) Microbiologists, on the other hand, regard
prowth and organic matter wtilization from the microorganisms’ perspective.
Empirical degradation models or the classic Monod growth model are typically
emploved by micrmobiclogists, while also taking into consideration inhibition by
foreign matters like heavy metals (Figure 12,70} The lost step in the evaluation of
the composting process is the monitoring of specific endpoint parameters, They
provide clear indications that the composting process is reaching its seady state
and that the product can be used and =afely transferved from the Beility o other
eonsystems such as frmland, municipal parks, and residential areps, For example,
s establizhed in the scientific literature, the endpoint of the degradation parallels
the microbiome’s respiration activity, which can be measured by the monitoring
of CO, production (Brinton and Evans 1993) or O, consumption (5.C.0. Canada
2016) (Figure 12.7g), Ansther indicator of process completion can be obained by
measuring the temperature at the center of the compost pile. Finally, o complete
the compost’s quality and coo-zafety assessment, one needs to measure the levels of
trace inorganics (heavy metals) (CCME 2005) (Figure 12.7h), as well as to confirm
no microbial pathogens are present, as per regulatory guidelines (CCME 2005;
Heéteert 2012) (Figure 12.7i).

12.5.3 Materials Half-Life Under Composting Conditions

Composting kinetics modeling is necessary to design and operate composting facil-
ities that comply with strict market demands and stringent environmental regula-
tions (Hamelers 2001). One of the most commonly used approaches in modeling
the composting kinetics is the substrate degradation models, where the independent
variahle iz cither the quantity or concentration of the organic materals remaining.
The process kinetics are of great impontance because they allow for quantification of
the recalcitrant substrate or contaminant at any time; they can al=o formulate pre-
dictions on concentrations likely to be present at any point in time as prescribed by
cither a test method or by other considerations (e.g. site-specific climate ). In complex
environments such as a compost pile or contaminated soil, the hiodegradation rate
constant (k) of organic compounds by micreorganisms is often described by math-
ematical equations typical of first-order environmental fate models. In other words,
since the degradation of organic matter as a function of time (1) follows first-order
kinetics, the rate of degradation can be expressed by the by Eq. {12.1}:

d[ M|
dr
where |0OM)] is the concentration of biodegradable organic matter at any time, in
grams; ¢ is the time, in days; and k is the first-order reaction rate constant, in day™'.
Integrating Eq. (12.1) by letting O] = [Ob]; at ¢ = 0, the concentration of organic
matter at any time in the compost mass can be expressed as Eq. (122
[OM]

m(ﬁﬁﬁ}"“ (12.2)

= —k[OM] {12.1)
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Omce k can be obtained, the material's half-life can be calculated vsing Eq. (12.3):
Ini2
ty, = = (12.3)

The biological half-life is the time required for a substance to lose half of its mass.
Bindegradation half-lives are needed for many applications, such as chemical screen-
ing, environmental fate modeling, and describing the transformation of pollutants.

The following are a few examples of estimated materials or pollutants half-lives
once in contact with a soil or a compost. A soil burial biodegradation experiment of
three cellulosic fabrics made of myon, cotton, and Lyocell®, incubated up to 112 days,
showed Iy, of 22, 40, and 94 days, respectively (Wamock et al. 2001). Under similar
cxperimental conditions, Mam et al. (2015) demonstrated that rayon and raw cotton
fibers showed 1, of 7.6 and 12.6d, respectively. Whereas PP fibers and PLA fibers
are nob biodegradable oz oo weight Ioss was observed, Likewise, Pradhan et al,
(20100 evaluated the extent of degradation of different green PLA-based composites,
i simulated composting bioresciorn, as per ASTM DS338, All materials showed
B5=100% degradation following 55-100d incubation. Finally, according tooour own
laboratory composting tesis in accordance with ASTM D338, we determined that a
100 sample of cutlery, hags, or plates {1 cm? pleces) burled in 1.2 kg of wet compost
undergnes complete degradation in less than 60d ar 38 °C (unpublished resulis)
while a fine microcrystalline cellulose powder (2pm particle size) was used as a
positive reference material. Our results indicate that cellulose has a half-life (¢, ;) of
5.0days and a biodegradation rate constant (k) of 0.140 per day. As established by
ASTM 5338 and [S0 14855, the pwvo important threshold values, e, set endpoints
that relate specitically to biedegradation kinetics are the maximal processing time
and temiperature (180 days at 58 °C) and the level of mineralization o be attained;
total C-CO, measured must represent 8 minimum of 90% of the theoretical C
content. This test method measures the biodegradation that leads to mineralization
of a test material, Le. the respired OOy by the microorganizms, This method does not
consider the amount of organic C converted into the residual humus-like material
obtaimed at the end of the long composting process, which lasted between two and
six months, Owver such a long incubsation period, from an ecological point of view, the
composting of organic waste s similar o the process of humification of the organic
matter (leaves, ete.) observed in the forest. In addition, 1, the inital concentration
of the test material [OM]; is the third parameter to be used in the environmental fate
model, which makes it possible to estimate the maximum theoretical £, value of the
test material. For some reasons, ASTM D5338 set the initial concentration at a wet
weight ratio of 5.5%, i.e. 100 g of test material buried in 1200 g of wet weight compost.
From these three constraints, it is possible to estimate a maximum theoretical £, of
43 days, beyond which a newly designed eco-material could not be gualified, or even
certified, as compostable under conditions of aerobic thermophilic composting,

12.5.4 Biodegradation in the Erwironment

In this section, we describe the journey of a green electronics that would end up in
a composting installation through municipal compost bins {Figure 12.1).

75
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Figure 12.8 Organic waste treatment facilities can be considered as ecosystems on their
w1, Technical standards and guidelines created by ASTM, 150, DECD, CAM/BND and other
regulation bodies aim to indicate methadelogy, testing conditions, eapected endpoint
results, and, if applicable, eco-safety tests

Indeed, after having extensively explored the end of life of organic electronics
in & composting facility, it scems justified and very relevant to say a fow words
ghout other plausible end-of-life =cenarios. Among other possibilities, we belicve
that green clectronics could be intended for short-term wses such as monitoring
or spotting in the natural environment (e.g. forest, lakes, marine ecosystems).
Conseguently, other test methods are to be envisaged to gualify a material as
“bicdegradable.” Figure 128 gives a brief overview of the complexity of the
situation regarding the dehinition of a “bicdegradable product.” For an extensive
discussion on the subject of standard methods and guidelines, the readers ane
referred to these excellent references (Haider et al. 200%; Tian and Bilal 2020).

12.6 Microbiome in Natural and Industrial Ecosystems

Conceptually, in microbial ecology, microblome refers io an inferdependent micro-
bial community that can be described by s functional microbdial groups special-
ized in the utilization of particular biochemical substrates as thelr energy source, In
essence, a microbiome emerges as a “product” of coevolution between a host and its
environment resulting in a uniquely shaped community structure.

Their composition is most commonly studied using DMNA metagenomic tech-
niques (de Gannes et al. 2013), although classical microbiology techniques can
alsn be applied. Whereas DNA metagenomic techniques allowr for identification
and quantification of microbes present in an environment [Figure 12.90), classical
microbiclogy has ils own unigue advantages. Culture methods allow for mor-
phological observations as well as the detection of specific substrate usage and
enzyme activity (Figure 12.9a). The application of both techniques has allowed
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microbiologists to make significant asdvancements in the characterization of micro-
biomes. Three specific microbiomes are described below (Figure 12,100 to provide
the reader with a better understanding of each of their counterparts, namely three
artificial ecosystems intended for the management of waste or pollutants. Interest-
ingly, the analysis of these man-made coosystems roveals that they are designed
and opecrated as their “natural” counterpars. To position biodegradable green
clectronics in the main recycling strategy (Figure 12.1), enginecred composting
techmology will be proposed as well as temporary options will be discussed to deal
with the presence of heavy metals,

Dretails of two natural ecosystems will be presented to provide a basic understand-
img for the presentation of two composting steategies; firstly, the composting of {reg-
ular) organic waste inspired by mature, e, the rumen=-hay ecosystem; then secondly,
a biological enginesring composting of organic waste with green electmonics also
imspired by nature, i.e, the ermite-wood scosysiem.

12.6.1 The Ruminant=Hay Matural Ecosystem

An example {Figure 12.10) of a unigue host-microbiome relationship is the rumen.
The primary dict of dairy cows consists of lipnocellulose biomasses or hay (435,
dry weight) and forage com silage (478) The biochemical composition of such
substrate, which includes numerous complex and highly organized macromolecules
such oz lignim, cellulose microfibrils, hemicellubose, pecting starch gramules, fructan,
organic scids, and protein, hos bed o the sebection of 2 rumen microbiome adapred
for efficient digestion, Together with mastication, an acmy of depolymerizing
enzymes degrodes the lignocellulosic biomass ingested by the ruminants, 1t is
imteresting to note that among the general microbial population, those identified
as being largely responsible for the bivdegrodation process of food constituents
can be grouped into s few functional microbial groups by means of DNA echnol-
oy, With that, Sllinger et al. (2008} revealed the presence of bactera, archaea,
fungi, and ciliates in the rumen, The ansembic bacteria Prevotella, Bulyrivibris,
Fuminococeus, Lochnospiraoese, Buminococeaceae, Bactersidales, and Closericioles
constitute the predominant functional group in the rumen, representing over half
of the microbiome, The other three functional groups are less predominant than
the first group but are nevertheless crucial for the digestion of the lignocellulbosic
biomass Their species belong 1o the ciliated profozoa, which make up over a third
of the microbial population, and w Methanobrevibacrer archeva and fungl, which
represent only a small fraction of the microbiome (Matthews et al, 20019, Henderson
et al, 20035} Briefly, the kev role of anaermbic bacteria is fo initiate the enzymatic
depolymerization of most non-water-soluble macromolecules mentioned above, by
means of the production of a range of extracellular cellulazes (endo-p-1,4-glucanase,
cellobiohydrolase, and f-glucosidase), hemicellulases (endoxylanase, f-uylosidase,
and glucuronoylan hydrolase), amylases, and other glucanases {Sollinger et al.
2008). Eszentially, this enzymatic process leads o the production of water-soluble
oligomers and monomers, which will then participate in a cascade of beneficial
events for the host and the rumen microbiome, which is the true definition of a
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symbiotic relationship. 5o far, we have covered the microbiology of the C-cycle, but
the M-cycle is just as important to the health of the host. For the cows, a tunctional
group has cvalved to accomplish the latter cycle, but other smaller ruminants (e.g.
rabbits, hares, and pikas) have overcome their limited digestive capacity due to their
body size with a special kind of digestion called hindgut fermentation: to assimilate
the M-source nutrients they need, they reingest their cecotropes [autocoprophagy L

In terms of process cfficiency, here are some interesting tacts that should give
the reader an idea of the magnitude of a rumen microbiome to accomplish its role.
In addition to utilizing lignocellulose as their sources of C, N, and energy, mumen
microbes must also be adapted to temperatures sveraging 39 °C and a newtral pH
range, These microbes allow a 500 kg dairy cow feeding on an average 50 kg feed per
day to achieve a digestive passive rate in the rumen of approximately 60 hours, Az
shown in Figure 12,10, the cow's digestive svstem can be represented schematically
by few interdependent compartments, Apact from the fct that rumen misrobiome
operales in an anserobic emdronment, we foreses a conceplual similitude with the
serobic composting strategy (e, shredding the incoming ingredients, depolymeriza-
tion during the thermophilic phase, and full minerlization during the mesophilic
phiose) explained hereafter,

12.6.2 The Termite-Wood Natural Ecosystem

As a second example, described in Figurs 12,10, termites have become one of the
moed efficient natucal “biorescior”™ specialized in the degradation of lignocel luloss,
Termites have adopted two controsting micrmobiomes as o result of having evolved
into two orders: higher and lower, Their differing diets are what have driven
the composition of their microbiomes in separate directions; lower termites feed
principally on wood, whereas higher termites hove a much broader diet, Lower
termites possess complex symbiotic relationships with sukaryotic Oagellates and
bacteria, whereas higher termites have external symbiotic relationships with
Basidiomycetes fungi and/or haove a microbiome solely populated by prokaryotes.
Flagellates of the groups Trifrichomonadea, Hyporrichomonedes, and Porabesalid
are found in all lower termites and can actively maintain their position in the gt o
prevent washout. Contrarily, Macroreres higher termifes possess a gut microbiota
dominated by bacteria that belong o the genus Treporer, To compensate for their
lack of cellulolytic protozoa, higher termites have adopted different diets, developed
more elaborate anatomy, and increased alkalinity in their gut, which iz believed
o play an important role in lignin degradation, All of this is simply a remarkable
and extraordinary symbiotic relationship with fungl of the genus Termiomiyees,
which allows the termites to use the fungl as an exirecorporeal digestive system
[Figure 12.49). To digest the lignocellulosic components of the woody material
collected by forager termites, the nest worker termites construct fungus combs
from the pseudofeces excreted by the foragers. This undigested macerated woody
material is shaped into fungus combs by the nest workers, which provide a structure
for the Termilompces fungus to grow in. Both the foragers and the nest worker
termites are responsible for the inoculation of fungi spores in the combs, These
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spores will eventually perminate, grow, and propagate into the comb by means of
their hyphae and their extracellular lingocellulobytic enzymes, which provides the
termites with easily dipestible substrates (Vesala et al. 3017 )

Aince the substrate consumed by termites is guite similar to the diet of ruminants,
there are many overlapping enzymes produced by the termite gut microbiome,
namely those of the glucanase family (amylases, cellulases, p-glucosidases, and
hemicellulazes). Frevious reports suggested that within 24 hours, termites can
convert P4-90% of cellulose, 65-874% of hemicellulose, and up to 83% of lignin into
smaller and casily digestible polysaccharides such as acetate and gluocose (Wang
ct al. 2014 Compared to their lignocellulose-degrading counterpart, ruminants,
which only decompose 35% of polysoccharides in their forage, it becomes clear
why termites are considersd as some of the most efficient organisms on Earth at
degrading lignocelluloss (Wong et al, 2004).

12.6.3 The Industrial Composter-Biowaste Ecosystem

11.6.5.1 Mumicipal Composting Facility
As the practice of composting has been around for some time, the microbial com-
mumnity dynamics and composition of the process have been extensively studied. As
showm in Figure 12.5, composting is a bwo-step process; bindegradation commences
with the active degradation phase, followed by a maturation phase. The high tem-
peratures of the active degradation phoss are only suitable for microbes well adapred
for those extreme conditions, namely thermophiles, The majority of the degradation
ooturs during the thermophilic phase owing to the fct that the increased temper-
ature accelerates the breakdown of the organic matter in addition to the cellulases,
hemicelluloses, lipases, and lignocellulolytic enzsymes primarly produced by
Actinomyeetes, Bacilli, and Thermus bactecial thermophiles {Trautmann and
Olymcive 20200, Omce the carbon substrate availability becomes insufficient for
the thermophiles, the emperature of the compost gradually decreases leading to
mineralization process which is accomplished over o much longer time period, This
maturation phase is when the mesophilic microbes begin o recolonize the residual
organic matter. The predominant organisms that take over during this phase
include acid-producing bacteria like Lactobacillus spp.. Acetabacter spp., as well as
mesophilic fungl, and Acirembecier jofinsonil, Mesorhizoldum thiogangericun, and
Flovobacterium ceri, Other predominant mesophilic species include Sraphyloroecus
seiur, Bocillus flexus, B subrilis, and B puemilus, with the lamer two bacterial species
also being prevalent in the thermophilic phase of composting, During the matura-
tion phase, fungi are one of the most crucial microbes in the process of degradation
as they can produce extracellular enzyvmes capable of breaking down lignin, which
many of the thermophiles are incapable of producing {Palanivelss et al, 20200,
Altogether, microbial community dynamics is one of numerous components that
must be well understood for successful composting results.

Mass balance is a significant factor @0 be assessed to measure the actual perfor-
mance of organic waste treatment planis, as highlighted by Pognani et al. (2012
Their mass balance results (calculated and expressed in terms of t/y of wet |total ]

am
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matter, carbon, nitrogen, and phosphorus) show valuable information. Among
others, here are three relovant facts: (i) the compost final weight represents onlby
27.6% of the initial wet matter; (i) it could be found in 49.7% of the initial N, and
Bo.4% of Py0y; (iii) but only 21.6% of the tofal carbon treated in the facility. The
final compost also achieves a high level of stabilization with a dynamic respiration
index of 0.3+ 0.1 g O, per kg of total solids per hour, which represents a reduction
of 934 from that of the raw organic waste. The work of Zhang and Matsuto (3011)
is also valuable. They investigated the performance of several composting tacilities
that treat different bypes of organic waste by guestionnaire survey and via chemical
analysiz of material collected af the facilities

Although microbial proces, community, and efficiency vary greatly between
the two, the composting biodegradation process can be seen as an example of o
man-made version of the cow's digestive system (Figure 12.9) The composting
bindepradation process can also be seen as an example of 8 man-made version of
thie cow's digestive system, Thus, just os the cow’s digestive system can be seen asa
superior bioprocessing sirategy, which hos evolved the appropriate abiotic and bistic
factors (listed above), the composting facility offers an “adegquate”™ envimnment
for the thermophilic and mesophilic microbiomes o degrade cellulosic substrates
[organic waste) in o bwo-step process, Although the degradation process of both
ecosystems differs in many aspects, particularly in regard to the oxic condition
[presence/absence of 01, ), the microbial activity, and diversity, the starting material
and end products of either process are quite similar. The resulting product of the
ruminant digestion process s manure, whereas that of the compost process is
humus both are stable and rich in nuirients, including nitrogen, phosphones, and
potassium, which makes them both excellent organic allernatives to commercial
fertilizers.

12.6.3.2 Engineered Composting Facility

As we begin to better understand environment-microbe and microbe-microbe rela-
tionships and functions, we are starting to develop biotechnology methods to ben-
efit from these microbiomes and to enhance biological processes. Dairy production
enhanced through rumen transfaunation (5 a prime example of the role of the micro-
binme (Henderson et al. 201 5), Similar o the consumption of probiotic foods among
humans, the cow rumen s inoculated o improve digestion of the feed. With the
conceptual strategy of modifying the microbiome's structure in mind, the follow-
ing includes some interesting strategies to promote a higher rate of composting of
organic matter by adding inoculant and also address the issue of heavy metals.

12.6.4 Specialized Inoculant Adapted to Organic Matter

In the initial phase of a composting process characterized by a temperature range
of 4 to 70 °C, Wei et al. (20019} used the thermophilic actinomycetes to inoculate
cellulose-, hemicellulose-, and lignin-rich subsirates. When they compared resulis
with those from the noninoculated compost pile, they found that the inoculated
bacteria had led to an increase of over 200 in the degradation rate for each of the
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three substrates. On the other hand, Bolta ot al. (3003) conducted an experiment
in which the inoculant wsed was obtained directly from the active phaze of a
compost. AL &, the inoculated material contained six times more viable microbial
biomass than the noninoculated one. It was clear that the inoculated reactor had
cntered immediately into the thermophilic phase rather than after six days for the
noninoculated reactor. The degradation also increased in the ineculated compost,
where 37.8% of organic matier was mineralized after 198 days, as opposed to 9.6%
in the noninoculated compost. Similarly, Karnchanawong and Nissaikla (2014)
investigated the acceleration of the composting process by cither using a mature
compost’s microbiome or 8 commercial inoculant. Their results demonstrated
clearly that adding & mature compost’s microbiome was significantly beneficial as
the degradation of the organic matter was found o be improved by 20%, Finally,
Manu et al. (2007} also investigated the effect of inoculating a compost pile with an
active microbial consortium. Both the inooulated and noninooulated composts had
a starting weight of B0 kg, their final mass after 60 days wos 19 and 48 kg, respec-
tively, Interestingly, lignin reduction in the inoculated compost was 78%, whereas it
wias 3 in the noninoculated compost, In shor, acmss all of the above-mentiomed
studies, the inoculation strategy apparently improved the degradation mate of
organic matter by oeer 20%,

Accordingly, the inoculation of compost is of great interest to scientiss developing
bivdegradable electronics. As discussed, the vision for the disposal of preen elec-
trombcs is 1o have consumers 1o dispose some of their electronics in their household
compsst bins, Hence, it is key that we keep exploring a variety of microbial con-
sortia that demonstrate high biodegradation efficiency. Although the functions (l.e.
metabolic capabilities) of most microbes in compost are largely understudied, it has
been widely accepred that "efficient microbes” can significantly increase the degra-
dation rate (Kastogl et al. 2020). These microbes can consist of a single bacterial
sirain grown in a lab, or a consortium of bacteria which have been recovered from
mature compost (Eastogl et al. 2020),

12.6.5 Specialized Inoculant Adapted to Heavy Metals

Az ervimommental engineers become increasingly aware of the fundamental role of
microblomes, it has become evident that the path o successful composting of green
electronics will depend on, firstly, the formulation of the chemical species and
heavy metals wsed, and secondly but as importantly, their inhibiory effect on the
micrabial metabolizm of the compost microbial community. Therefore, the formu-
lation of chemical species is a direct determinant of recalcitrance to biodegradation,
while heavy metals continue w pose a significant problem for the composting
process {Wuana and Okleimen 2001, Petruzzelll 1996). This being sald, ongoing
research activities reveal promising results concerning heavy metals in compost
(Zennaro et al. 2005; Singh and Kalamdhad 2013). Becent studies have shoamn
that most microbes have minimum inhikitory concentrations of heavy metals at
which their metabolic activity remains unaffected. For example, the soil bacterium
Alcaligenes eurrophus is capable of metabolizing 2 d4-dichlorophenooracetic acid,
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namely in the presence of Cd*™ at a concentration of 60 pg/g or lower (Sandrin
and Maier 2003). Moreover, an indigenous soil microbial community is capable
of tolerating 1.0 mg/l of Cd** without the cate of phenanthrene degradation being
affected (Sandrin and Maier 20030, Similady, Damascens ef al, (2005) studied the
oxidation state of heavy metals (30, Pb, Mi, Zn, and Cu) from elecironic waste
a5 chopped printed circuit boards (PCBs) in compost, They buried 2 kg of PCBs
in 58 kg of compost and were thus able to confirm that microbes actively oxidize
the metals present in their environment by means of powerful oxidants such as
Z-ketogluconic acid. Indeed, the “danger™ of the solubilization of metal ions is that
they migrate toward the organic fraction of the compost, and lead to an inhibiton
of the microbial activity involved in the composting of organic matter, Equally
important is that the end product is classified as not eco-safe. Another avenue that
presents a possible solution to the inhibitory effects of heavy metals s o inoculate
a compost with microbes that possess heavy metal resistance genes. For example,
Liu et al. {2019) were capable of identifving a novel heavy metal-tolerance gene
in Burkholderia fungorem. This bacterium, isolated from an oil-contaminated soil
in Xinjiang, was capable of utilizing phenanthrene (300mg/) as a sole C source
in the presence of 40, 400, and 1200 mg/1 of Ph(IL), CdiI1), and ZndIl), respectively.
Another study (Gupta et al. 2002} revealed that some Firmicutes Gram+ hacteria
isolated from the rhizosphere of plants, can tolerate a high concentration of heavy
metals such as Co, Ni, Pb, Cr, and Fe. Further microbiological analyses show
that the alkaliphilic Bacillus weihenstepharnensiz and Exipeobacterinm aesiuarii,
showing high Mi,™ and Cr,* removal capabilitics, respectively, can be prospective
candidates for bioremediation, The studies mentioned above provide evidence that
introducing green electronics into o compost with a specialized inoculum should
successiully restructure the existing microbiome while maintaining the same cate
of degradation. Al ficst plomce, this composting strategy (Figure 12,100 appears a
little sophisticated or even comples, it is nonetheless realistic and Feasible,

12.7 Concluding Remarks and Perspectives

The challengs is w define environmental requirements and characteristics already
in the conceptual design and initial phases, where the selection of the materials o
be used in the product development is made (Morini et al, 2009; Allione et al, 2002).
The tailoring of green electronics to these environmental selpoinis, established
by organizations such as ASTM, 150, and OBECD, remains o challenge oz they are
ecosystem specific.

Conirary o the environmental fate of plastic waste, our understanding of green
electronics bigdegradation in different ecosystems s very limited. The biodegrada-
tion principle, Le. that the material’s structure and chemical composition fe.g. degree
of substitution on OH groups of polymer backbone structure, benzene rings and
double bonds, cross-linkages between macromolecules, crystallinity, etc.) dictates
the overall degradation rate of a material, should guide the research efforts. The
astonishing work of Chamas et al. {2020) on scrutinizing existing literature to obiain
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civironmental degredation rates and pathways for the major types of thermoplastic
polymers as well on a metric based on specific surtace degradation mate to extrapo-
late half-lives, should lead the way tor futwre work in the field of end-of-lite scenario
for green organic electronics,

Process efficiency of most environmental biotechnologies, such as composting or
anaerohic digestion, can be improved either by changing the reactor design (opi-
mal volume-to-surface ratio) and (s processing sirategy (better aeration and mixing)
of by selecting, cultivating. and reinoculating the compost pile with a specialized
microbiome.

With the knowledpe that has been accumulated on microbiomes as well as
our continuous cfforts to know more about them, they could become key players
in demonsirating compostable organic electronics, Interestingly, the proposed
advanced industral composting process is truly faspived by Modire a5 it mimics the
termite microbiome, one of the most advanced ecosystems, perfected by millions of
vears of coevolution, Moreover, the characterization of microbiomes found within
man-made environments is a promising start o overcome some of the hurdles that
come with compostable organic electronics, such as chemical heterogeneity and
heavy metal contamination. Certain microbes can adapt to evolving environmental
conditions. o promising start for answering some of the questions regarding the end
of life of bindegradable electronics.
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Circular Economy in Electronics and the Future of e-Waste
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13.1 Introduction

The world population’s current standard of living increases the demand for the
carth’s finite natural resources, At the same time, population growth and urban-
ization are challenging these standards. We have been practicing a linear model
coonomy since the Industrial Revolution. A= a result of this behavior, we created a
scenario, which is frequently referred to as a “take, make, dispose of " world, where
wi promaote a single use of materials and products, creating a one-directional model
of mas= production, mass consumption, and finally, disposal atter a single or limited
time of use. This type of model is stretching our planet’s physical limits { Esposito
et al, 2008} Henee, it is vital for the planet’s fulure o implement carbon-newteal
and circular-economy solutions into our everyday life, improve strategies in the
public and private industry sectors, and develop decision-making policies at the
industrial scale, In other words, we need o rethink our business model entirely,

Ar present, only %% of the materials already produced are recveled back o use
[Statista 2021b) On average, close o 14% of municipal waste collected is recycled
globally, with some countries repching recveling rates close w 30%, like India and
Australio, In the ELUL the average recyeling rate in 27 countries is at 43%, while it is
26% in Canada and 22% in China. However, some materials are recycled more than
others. In the US, paper and paperboard are recycled ata rate of 64,7%, metals such
as lead ar 67%, magnesium at 54%, iron and steel at 32%, aluminum at 30%, glass at
about 33%, and plastic 9.1% (Better Meets Reality 2021),

The global market economy is mainly based on the extraction of natural resources.
It provides factories with the feedstock of materials that are then transformed into
the products i be purchased and rypically disposed of after a short time of use.
Esposite et al. (2018} reported that currently, we are consuming goods ata 50% faster
rate than replacing them,

Elevironic Waste: Bropeling ard Beprovessiag Jor o Sustoinebie Future, Fist Edilion.
Edited by Mara E Holuszkno, Amit Eumar, and Denise C. B. Espinosa.
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Figure 151 Recycling of materlals - past and future.

Inoureveryday life, we use various mixed, hybrid, and composite materials, which
are either blo-sourced or derived from metals or minerals, while more and more
astic and human-made types of materials are becoming prevalent, Many of these
materials are still produced in a not-very-ecological, sustainable, nor efficient way.
Most of these materials once produced, never used again after theirend-of-life (Eol.},
while using virgin materials derived from natural resources, At the same time, the
power generation is still mainly based on fossil fuels, hence, significantly contribut-
ing o global anthropogenic pollution and accelerating climate change. The major
challenge for today's world will be to stop and make a difference - today - and
start designing materials and products bazed on a circular-economy's principles and
criteria, as indicated in Figure 13,1,

The circular-economy theme started to be debated in the 19908, but it was not
until the early 20008 when it began to be discoursed to achieve “true environmental
sustainability.” The definition of a circular economy was formulated by the Euro-
pean Commission (2020) and discussed further by Sillanpdd and Meibi (2009 The
circular-economy model could address resource scarcity and issuwes with waste dis-
posal and eventually provide a win-win situation from an economic and emviron-
mental perspective while creating a new value proposition (Homrich et al. 2008).
The cradle-to-cradle flow concept was born out o replace the cradle-to-grave eco-
nomic model, representing linear material flow. If the circular economy is carried
out extensively, it could potentially reduce consumption of new raw materials by
2% within 15 vears and by 53% by 2050 (Ellen MacAnthur Foundation 201 5; Espos-
ito et al. 2008}, The circular-economy concept has been promoted by the European
Union and several other countries, including China, Japan, Canada, and the United
Kingdom (Korhonen et al. 2008

According to Araujo Galvio et al. (2018), many barriers were initially identified
for moving from a linear to a circular econony, and these can be categorized as:

1} Techmobogical

2} Finamcial and economic

3} Bepulatory/policymaking

4) Managerial

3} Performance indicators

6} Lock of accurate information on environmental impacis
7 Customer-oriented and social barriers,

We must start leoking at the "big picture” while handling all the products and
materials coming to an Eol phase and learn from the life cycle of a product and
the past experiences. The most challenging is the technological barrier encountered
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Figure 13.2 Leaming during the Life oycle.

in recyeling, while the most sipnificant is the decreased ecconomic value of recyeled
materials and the recycling cost= In addition, there is a lack of understanding of
covironmental costs and an absence of pressure from societics to demand from
the povernments more stringent environmental policies and regulations arcund
manutacturing and waste management, hence demonstrating significant social
barriers.

According to Zhang et al. {2009), the main challenge facing socictics is to find
feasible strategics to disconnect economic growth from the environmental issues
within the limits of the available resources. Rizos et al, (2006) indicated that the
main barricrs moving to the circular economy are lack of supply and demand for
recyclable materials combined with the lack of capital and an absence of technical
know-how in connecting material development, produect design, and recycling with
the proper government policics or supports, At present, a significant barrier to the
transition toa more circular system and developing recyclable products { Figure 13.2)
is a lack of demand or customers” willingness to pay more for recyclable products,
both in business and in the general socicty at large.

This chapier aims to provide an overall picture of the challenges and discuss the
way forward on how to chanpge the industrial system from linear to circular. The
approach is to assess this from the point of view of electrical and electronic equip-
ment { EEE) devices, material design, and development. The tollowing aspects will
bz addressed in this chapter:

[rigitalization and the need for electronics

Perspective on recycling, life-cycle analysis in the material design phase
Challenges for e-waste recycling and circular economy

Drivers for change and complexity of the industrial system

Barriers for change to move to a circular economy.

13.2 Digitalization and the Need for Electronic Devices

Elecironics provide us with hroad access to education, instant information, and
nonstop entertainment while contributing to mass communication and improving
our everyday life. Digitalization brought through electronics led to the advancement
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of industrial productivity, sccessibility to information, and improved living stan-
dards in cur present societies wordwide. It has alzo proven to allow us to continue
functioning as a productive socicty during pandemic scenarios {COVID-19)

Ewvery year, millionzs of new electronic devices are pouring into the market to
facilitate o digital lifestyle for many consumers worldwide. According to Statista
[2021a), by H020, over 4 billion people have had a personal computer, while a total
of 3.3 billion own a mobile smariphone. This translates into 41.5% wsers in the
plobal population, Global sales reached a value of over 400 billion USD until the
beginning of 2021, with over 150 billion USD worth of sales in China.

These numbers are staggering and provide us with insight into the scale of elec-
tronics production and its sales valee wordwide, Digitalization is creating enormous
demand for many different tvpes of devices and, consequently, various raw materi-
als, It is alzo affecting markets, businesses, and employment ina very significant way,
Digitalization on its own requires a large amount of energy o power the compulers
and support internet transmission of the data o facilitate worldwide connectiviry.
Digitalization through the use of millions of electronic devices and their falth at
the Eol. becomes part of the problem in recycling complex materials used in the
manufacturing of these modern electronics, At the same time, it can also be part of
the solution for facilitating a circular economy,

blodern smantphones are an excellent example of the digital world's electronic
producis that everyone commonly uses; they are made of very complex materials
o increase their digital performance. At the zame time, they pose significant
challenges in recycling. The digital-techmnical performance of smartphones has
rapidly evolved from the perspective of the types of materials used in these products
and their functionalities. Smartphones are made as complex devices, using close
to 70 different elements with more than & metals in their composition. While
the competition between smartphone producers hazs focused only on display
size, resolution, or sensitivity, it has not concentrated on material efhciency,
sustainability, or recyclability.

The number of smariphones s0ld to end vsers worldwide from 2007 to 2030 has
increased from 122 million to 1560 million units (S4atista 2021a). These products
are in use approximately only for a maximum of one to teo years (Forti ot al. 2020;
Kumar 2020} The take-back system and material recveling of most of the compo-
nents and materials remain negligible, The lorge number of electronics continu-
ously produced and owned globally illustrates the extent of the issue,

13.3 Recycling and Circular Economy

The pervasive expansion of electronics generates an unsustainable growth of waste

of electrical and electronkc equipment (WEEE). E-waste is the fastest-growing
solid-waste stream, expected to reach 74.7 Mt by 2030 (Forti et al. 20200 Fur-
thermaore, elecironics rely on the use of critical and scarce elements that are
needed to make interminably newer and better-performing devices. Since we need
these electronic devices to progress into the future, the recovery of these scarce
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and valuable materials should become our most significant driver for & circular
coonomy. As a result, all of these products’ lite-cycle analyses - starting from the
beginning to the end - should provide us with the incentive to reuse these critical
materials. In addition to the scarcity of the necessary materials, there is an economic
vialue in the circularity of materials recovered from electronic waste, Currently, the
material value from electronics alone is WSS 62.5 billion, while there is 100 times
more gold in a ton of mobile phones than in a ton of gold ore (World Economic
Forum 2019). There is a signiticant incentive for the recovery of valuable materials
from e-waste,

The challenge is al=o in the Eol phase of clectrical devices since recycling is
difficult, cven impossible in some cases, especially when the waste is not homo-
geneous in terms of valuable metal content and with very littke-known materials’
composition, Electronic devices contain a wide variely of materials, including
hozardous and toxic matedals, for exomple, acsenic, lead, mercury, codmivm,
and tvpes of flame retardants that are hacmful o buman bealth and the environ-
ment (Chen et al. 2012; Guo et al, 2015; Kumar et al, 20018; Yu et al. 2017} if not
dizposed of properly, Meanwhile, some materials also represent o very high valwe,
such as gold, silver, or copper (EPA 2012),

Suppose the ewaste poes 0o landfll or s mot treated in an enviconmentally
responsible way at the end of a device’s life; there is a high risk of enviconmentally
harmiful damage extending for the foresesable future (Kumar 20200, In addition,
the eawaste contains valuable resounces that can be recovered and revsed, reducing
the need o use natural resources in the form of new vicgin materials or metals
(Hageliken and Corti 2000) There is no functional recycling system for electhcl
devices to sepacate different metal alloys, mainky due o economic repsons, while
recycling infrastruciure for bulk metals, such as steel and aluminum, exists, The
challenge is that the existing e-waste recycling systems cannot economical ly process
nonhomogenesus e-waste scrap with many different substances in its composition,

Recycling in the traditional linear economy was usually designed o provide
additional resources for primary production; it has been referred to as "an Aspirin”
for the socletal hangover due o overconsumption. [t has been mainly designed o
alleviate shortages of some raw materials while mostly providing an opportunicy for
segregated waste disposal in many jurisdictions, In developing countries, recyeling
is frequently carried out informally while providing a source of income for the
most impoverished population engaged in the rudimentary recycling of valuable
materials, mostly metals, for immediate monetary profic (Ford et al, 20200

On the other hand, in the developed countries where there are more organized
practices of municipal waste management, recycling can be considered an opporiu-
nity for resource recovery. This is even more so in the context of pressing issues of
the criticality of some medals, critical elements, and raw materials to produce new
electronics that we so heavily rely on in our everyday life. In the circular-economy
model, the goal is to keep the materials and products in use as long as possible and
increase their value during the life cycle. Material efficiency is part of the circular
economy, and it promodes the efficient use of natural resources and the effective
reuse of generated from waste byproducts. We need more research in recycling and
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the material-design and product-development phase, and the use of recycled byprod-
ucts, as this beoomes an integral part of a material-efhciency strategy to facilitate o
circular cconomy. In addition, we need to learn how to apply knowledge of materials
to the beginning of the lite cycle of the newly designed and manufactured products
for better recyclability.

Alternatively, recveling and reusing materials must be justifiable from an e
nomic, emvironmental, and social perspective, The transition must begin from
scknowledging the challenges and opportunities in the “big picture” and from the
systemic perspective; olherwise, we only partly optimize the system. Most of the
research in material efficiency has always focused on how waste from one process
can be used as a valuable raw material in another process elsewhere (Pajunen et al.
2016

However, we have o start from the beginning of the process af the design stage,
where we develop new materials from recovered secondary resources and use them
in manufacturing new products. Also, we need o make changes in the whole value
chain, where all of the components and materials have to go through the same
design and development process (Pajunen et al. 2016). In other words, we have to
start designing for recycling and focusing on maximizing what is already in use
while considering the life cycle of the produect from the sourcing stage and through
the whole supply chain to consumption and including sourcing of sccondary raw
materials obtained from recycling Moreover, recycling should also be aimed at
producing the byproducts of a certain quality in terms of their physical characteris-
tics and functionalities; hence, thoy can be diverted straight to developing the new
materials and manufacturing stage,

Systemic change is needed in the EoL of products oo, We have (o create a global
take-back system for all the different kinds of devices and products, This will allow
o decrepse in the complexity of recveling in industdal systems, The take-back
approach can create a more homogeneous waste scheme by allowing for the Eol.
devices to come back directly to the original equipment manufacturer for recy-
cling. This will incentivize the manufacturer to design for recycling material savings
by using recovered secondary products from recycling, while these will become a
source of secondary “raw" material for thelr new productz Simultanesusly, it will
lower the demand for virgin materials, allow for a closed-loop recycling system,
and adapt eco-design approaches while creating economic benefits (Wagner et al.
20x0). It will also ensure an adeguate guality of secondary raw material obtained
from recycling required for designing new materials by the same industrial set-up,
the same manufeciuring company.

13.4 Challenges for e-Waste Recycling and
Circular Economy

Mew-age electronics are manufactured using newly designed materials, and
functional requiremenis drive these new materials’ designs. The development of
new electronic devices and many novelty products requires new composite or
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hybrid materials to attain appropriate material chamceristics, allowing them to be
lightweight, have extreme strength, and a reduced size that is desirable for everyday
use, Composites are materials prepared from two or more distinct complementary
substances, for example, metals, ceramics, gloss, and polymers, Thess materials
produce ansther material with characteristics different from its components, often
visible om o macroscopic scale, The hybrid matecials are the ones in which the
constituents are blended on the molecular or nonemeter scale, and the individual
components remain invisible on the macmscale (Pajunen et al, 2006} In the prod-
weld design phase, many types of materials are combined; hence, these elecironis
products contain many metals, their alloys, and varous chemical compounds,
polymers, plastics, and flame retardants, The more advanced functions regquiced,
the more complex the materials need o be, For electronic products, these can
include combining metal alloys with ceramics and fibers for creating composites,
gluing homeycomb structures, making metal foams, depositing thin films, and
creating nanoparticle structures {Reuter et al, 2013} Functionality is often further
enhanced by coatings for improving wear, corrosion or fire resistance, safety, or
improving aesthetic aspects. In conclusion, recycling such devices becomes very
complex { Pajunen et al. 2016]).

The economic drivers are the most important in the design phase, while the
Eol. phase aspects are usually not considered at all, except as depreciable value, In
manufacturing, material efficiency should be considered from the economic and
marketing point of view. Currently, there are few incentives or pressures to increass
the recyclability of electronic products due 1o their technological complexity.
Generally, only valuable metals or materials, which have a high monetary value,
such as copper, gold, silver, palladium, rare-earth elements, or fiberglass, are being
recycled from e-waste (Baldé et al. 2007; Forti et al. 2020; 5, Zhang et al. 2017).

For example, in EL countries, recycling targets are set at the national level and
are based on the percentage value of the material’s total welght {The European Com-
mission 2008), Incentives for recycling should include financial drivers for manu-
facturers to produce recyclable products and prefer to buy those products and help
im their recycling collection. This can be enabled via taxation. For example, if the
product s recvclable and the recveling system is available, it could have tax relief
during its life cycle, Such tax relief or a price reduction should increase consumer
demand for recyclable products. Monetary incentives for consumers and recycling
companies are missing in the current linear system.

The main challenge also lies in the lack of appropriate recycling systems and
efficient separation technologies for complex electronics. There is a lack of infor-
mation about the Eol of an electronic product or its life cycle o understand
apportunities for recycling electronics. As a result, it is essential to include Eol
in the design phase for material efficiency. Designing for recyclability to recover
high-value and low-value components for reuse in new products is the only way to
solve recycling problems of structurally, naturally complex electronics.

The complexity of elecironics will increase as the multifunctional hybrid
materials, and advanced manufacturing technologies are used for more sophis-
ticated electronics in terms of performance and practicality. Hence, there is a

505



506

13 Chroalar Econony i Elecirandcs ond the Future of e-Washe

critical necessity for high-level multidisciplinary competencies and the devel-
opment of new solutions, which can be crucial tactors in renewing the global
manufacturing industry. Manufacturing in the current industrial system is very
complex, and most of the material cycles are multifaceted and interconnected in
terms of material sourcing. The rouse of byproducts or metals from recycling to
develop new products can become very complicated due to the already pre-cxisting
lincar-cconomy logistics. The change needs to be implemented right at the design
and material-development stage o Bcilitate matedal creularity,

The main goal is to include lifecycle thinking and the recyclability of complex
and hybrid matecials in the material-development and product-design phases and
integrate recyeling and sustainability perspectives into decision making at sirate
iz, management, and production levels and work toward increasing demand for
byproducts from recyeling and recveled materials 2 source material for new-age
materials,

13.5 Drivers for Change - Circular Economy

A circular economy needs to be considered against the backdrop of modern societal
needs and industrial logic. Indusirial logic drives companies to strive for market
share, increased sales, and improved profits by offering competitive products
through innovations and improved technologies, while there are different drivers
for different players-stakeholders. For example, both the general public and pri-
vate soctor organizations, with their industrial set-ups, are vital in any society.
They need to be accommodated in terms of their needs and desires to transition
comiortably and successfully toward a circular economy.

In gddition to industrial set-ups and socictal backgrounds, there are also urgent
crivironmental concerns; for example, the levels of clean water and the availability
of raw materials necded by the industrial set-ups are already reaching a critical point
for the supply of critical raw matecials (European Commission 20140, For example,
if & single country dominates the market for o particular rew material, that country
can directly influence its availability and price. This means that the availability of
materials is also challenged by global trade a5 much as economic and policy issues,
given the current situation with the wordwide supply of rare-earth elements, In the
wiorsh scenarios, problems with row materials" availability may lead o difficulties in
manufacturing and closure of industrial operations in certain jurisdictions

The lack or shortage of natural resources and raw materials needed in the produc-
tion phase can become a strong driver for promoting a circular economy. Accord-
ing o Esposite et al. (2018, the linear-economy model’s inability 1o cope with the
encrmaous demand for natural resources will result in a shortage of B billion tons of
raw material supply. An approach in line with a circular-economy’s principles is the
best solution for the environment and the most practical way of operating from an
economic sense. The circular-economy perspective is presented in Figure 13.3. In
the transition toamard a circular econoimy, there is a need for new solutions in every
phase of the product’s life cycle.
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Figure 15.3 The circular-economy madel,

In every part of a product’s life cycle, there is a potential to reduce resource con-
sumption and improve its environmental performance. From the design perspective,
the six sustainability principles are the following (UNEF 2007

1) Apply a “re philosophy,” meaning to rethink the product and its functions

21 Make the product easy o repair

30 Beplace harmiful substances with safer, less hazardous alternatives

4} Design the product for disassembly so that the parts can be reused

51 Beduce energy, material consumption, and sciseconomic impacts throughout 3
product’s life cycle

6] Belect materials that con be recycled,

At present, the challenge from a recycling point of view is halancing the economy
and environmental standpoint. The Eol. phase of complex products creates nonhao-
mogeneous waste, This waste may contain valuable materials that can be recovered
and reused and parts that do not have any or have very little economic value when
recycled, such as nonmetal fractions from e-waste, including various plastics with
low monetary value.

In the industrial-design process, most of the environmental impacts are locked in
at an early phase, and significant decisions are made when there is very little infor-
mation about the details of the product’s design. However, when these decisions are
made earlier in the product’s life cycle, their effecis become crucial in the end. The
opportunities to make changes in product design decrease with time, and the cost of
making any changes increases at the same time. To make changes in sustainabilicy
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Figure 134 Transition toward circular econamy step by step.

and recyclability, all of the important players in the supply chain have to be imvolved.
They need to strive for the same goal to achieve the circularity of the materials used
in the product that is being designed.

It is wital to take the recycling perspective into account both in the material-
development and in the product-desipn phases when targeting circular economy
and consider a take-back system for the components and materials to promote
material circularity, as shown in Figure 13.4.

The first step of promoting a circular cconomy is extending the product’s life cycle
by using durable materials and making long-lite products that can be repaired and
rewsed at the end of their life cycles. In some cases, a product or component can
b designed to be used for another purpose without chemical or mechanical modi-
fications. Hence, further processing of the product does not requine extra energy or
new raw materials.

It & mechanical modification is not possible to recirculate the prodwect, this must
be considered in the design phase; i.e. the product’s materials are developed to be
rewsed later as o raw material for @ new product. In addition, it is also essential to
make sure that nonhazardous substances are used in composite materials as they
impair recirculation and cawse the materials to beoome hazardous waste or end
up in incineration. The recirculation of materials can also be facilitated by chem-
ical modification {chemically assisted); however, this is the most aggressive form
of recirculation from a monetary-investment and energy-intensity point of view. In
a chemically assisted modification, the material’s chemical bonds are broken down
so that the materials can be reprocessed and utilized as new row materials in another
indusirial process.

The starting point for material scientists, product developers, and designers is to
reduce waste and losses as these always incur additional monetary expenses. Waste
and losses can be reduced in many ways. Everyone benefits when all the stakeholders
participate in the product's life cycle, conperate across corporate boundaries, and
jointly provide feedback on its entire life cycle. The concept can be “to design out
waste,” meaning that we design to minimize the final waste as propesed in one of
the five fundamentals traits by The Ellen MacArthur Foundation {2013).
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An unintermupicd flow of information about the choices being made and cost-
cuiting opportunities have to flow through the life cycle, from the development
phase right into the final project’s execution. It is not enough that correct decisions
and plans are made at the carly stages - the plans must be coecuted and supervised
throughout the production process and the product’s life cycle until it reaches the
customer. To succeed, there is 8 need to bring together expertise in all phases, from
product design to rewse, remanutacturing, and recycling.

The novel circular-economy business model can be reshaped, for example, where
a product can be shared o5 a pact of service, creating o sharng-economy model and
generaling new business types for the industrial network (product-as-a-service)
aceording to Lacy (2015) and as proposed in Figure 13,3, Some of thess ideas
were developed as a result of economic and social research on the operation and
functionality of o circular economy a5 eacly a5 in the 1980, 19905, and the eary
20005 (Hawken et al. 1999 Lifset and Graedel 2002 MeDonough and Braungart
2002, stahel 1986). This “product-as-service” business model can be adopred easily
for electronic products such as cellular phones and computers. The customer buys
services with the new product and can access software upgrades as part of the
sharing service, However, this may be more difficult to apply o other electronics
such as standard home appliances or specialty industrial electronics,

13.6 Demand for Recyclable Products

A vital part of redesigning and making electronic business greener i= to have an
coonomic driver toward sustainability. Hoaever, if the reward is somewhere else,
a business is not going to choose an emdronmeni-friendly option without having
a possibility of an cconomic benefit. As a result, business interest is nonexistent,
and without consumers” demanding recyclable produocts in the manufacturing of
new products, there will be no market forces to call for regulations in the use of
recyelable materials in mew products,

Ab present, the only driver in the smart/mobile phone market is o increass prod-
wet sales, For manufacturing companies, the target is to be the global market share
leader, All companies are developing new models with new technical features and
applications; competition is Gerce, and cost-efMiciency targets are high, Accordingly,
since 2012, the Samsung bramd, the leading global smactphone vendor, has held a
share of 20-3r% in the smartphone market. The Apple brand i the second-largest,
and Huawel is the third-largest vendor of smariphones worldwide, while Xiaomi
and OPPO have recently increased their smartphone market share according to
global market statistics (Statista 2021¢).

The biggest electronic manufaciuring companies and their retailers” marketing
and advertising information s based only on their phones” technological features
and new applications but s not focused on providing information regarding the
device's composition, structure, or recyclability features. All companies provide
similar information on the device's technological capabilities instead of information
on their sustainability characteristics. It may still be a long way for a change in
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manufacturing companies’ attitudes toward the concept of circularity and sustain-
ahility in the electronics industries unless the consumers strongly demand this shifi.

This chapicr aims to provide information on the issues related to electronic waste,
which is linked with the design of clectronics and their recyclability to promote
responsible consumption with minimuom waste production. Building a tunctional
recycling system is crucial when targeting the transition toward a circular economy.
Huoarever, without social pressure from the consumers, the manufacturers do not
have any incentives o promode their electronic products” recyelability, The main
driver of the manufsciuring industry is the economy amd for the customer is o
sgpuire the best in terms of the latest technology electronic device for their evervday
wse and applications, As a result, there are no incentives for recvcling, and there is
o lock of recvelable products in the mobile phone marketploce, The marketing of
new Features with advanced technical applications and their capabilities are still the
most significant challenges o sustainability through the device's life oycle.

There are many small- or medium-sized enterprises or companies (SME) in the
mabile phone supply chain, However, large manufaciuring companies” importance
in the supply chain and their willingness w cooperate with smaller companies
within the supply chain s paramount. If the larger manufacturer demands sus-
tainability and environmental responsibility from thelr suppliers via procurement,
smaller SME companies must comply out of necessity if they want to continue
cooperating with the known manufacturer in the future; therefore, they have to
respond to these market needs and conditions.

With the increasing costs of raw materials and waste disposal, finding new solu-
tions to mitigate these issuwes in cost-effective ways will be essential. Thus, the
most important driver will be to recycle electronics to secure critical and other,
perhaps not-so-critical rawr materials to protect the environment. However, from an
cconomic perspective, there are currently no suitable or justifiable scparation and
refining processes for recovering some of the high- and low-value materials from
c-waste at the same time.

For a transition toward a society with a circular economy, there is a need to pro-
maote recyclable materials and increase the demand from society to use such materi-
al= in clectronics manufacturing. In other words, we need to educate the consumers”
market = the more recyclable and good-gquality products there are on the market,
the more demand there will be for these materals, The move toward a circular
ECOnOMmy requires perseverance and consistent progress in all aspects of the man-
wlacturing process, The industoal orgonization needs w develop confidence in the
circular economy and its associated strategies, such as a demand for suppliers” sus-
tainability while continuing the advancement into efficient recyding technologies
and developing high-quality recyclable products at the same time,

13.7 Summary

In this chapter, we have focused on the circular economy and the role of life-cycle
analysis when making recyclable electronic devices. The transition foward a
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carbon-neutral circular economy and sustainability in small electronics such as
smariphones might be possible due to the opportunitics lying in the recovery of
vialuable components and the desire to build resilient manutacturing industries that
will promiote eco-desipn and a design for recyclability, For example, the “BEuropean
Green Deal” is considered a moadmap for making the EU's economy sustainable,
This can happen by turning climate change-related emdronmental challenges
into opportunities across all the policy areas and seciors of society, There will be
significant undedakings o integrate the circular economy and life-cvele thinking
imto the development and design processes,

Tdeally, the goal is o live within the planet’s natural boundaries and physical
means, maintainiog the planet’s vitality {Figure 13.5) and keeping the extrocted
resources and products made from these natueal resources in circularity as long as
possible, When it comes o manufacturing products and matedals, scientific and
engineering expertise plays a significant role. However, no engineering field can
tackle major challenges alone, such as transitioning from a linear economy to a cir-
cular economy. Sustainable solutions have to be carried forward while considering
technological, economic, legal, administrative, social, and environmental factors.
In this chapter, we aftempted to present some ideas that could be implemented
to improve the chances of recirculation of electronics by-products and e-waste o
facilitate a circular econormy. Nonetheless, (o make this happen, there is a need for
multisectoral, multidisciplinary, and global co-operation,

As for the future of e-waste, what Is needed is designing new materials with
an ecological design in mind, using recycled-from-e-waste components for the
production of new electronics without toogic and hazardouws chemicals, coupled with
a sirategy for future recycling. All this is necessary while mastering the recycling
processes with minimization of final waste and utilizing all byproducts during the
process; all these elements may eventually lead to near-zero e-waste in the future.
This would be the most desirable effect in the context of a circular economy; it would
be a win-win situation for the future of electronics in the new age of digitalization.
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