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« E-waste management covers four levels .
of product, component, material, and I
substance.

» Material compatibility, fatigue, and
reclaiming have gained much attention. "'

» Material fatigue can determine the re- Component
verse logistics of e-waste. : ’

* Future management should be con- _ /" "' % h 1
cerned from  macroscopic and
mesoscopic to microscopic scales.
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Recycling for e-waste will be a necessity, not only to address the shortage of mineral resources for electronics in-
dustry, but also to decline environmental pollution and human health risk. To systematically solve the e-waste
problem, more attention of e-waste management should transfer from macroscopic to microscopic scales. E-
waste processing technology should be significantly improved to diminish and even avoid toxic substance enter-
ing into downstream of material. The regulation or policy related to new production of hazardous substances in
Keywords: recycled materials should also be carried out on the agenda. All the findings can hopefully improve WEEE legis-
E-waste lation for regulated countries and non-regulated countries.
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1. Introduction

Since 2000s, waste electrical and electronic equipment (WEEE or e-
waste) has become a global concern in terms of environmental im-
provement and resource recycling (Breivik et al., 2016; Stevels et al.,
2013), which is the fastest-growing waste steam with the 43.8
million tons (Mt) global quantity in 2015 and growing to 49.8 Mt in
2018 (Baldé et al., 2015). Currently, China generated approximately
8.53 Mt e-waste in 2014 and has overtaken the USA to become the larg-
est producers (Zeng et al,, 2016a).

E-waste contains not only lots of valuable resources (e.g., metals,
plastics), but also plenty of toxic materials [e.g. heavy metals, brominat-
ed flame retardants (BFRs)] (Chen et al., 2016). Massive e-waste has
bred at least two serious global problems: electronics industry sustain-
ability owing to the shortage of mineral resources (Cucchiella et al.,
2015), and potential environmental pollution and human health risk
subject to informal recycling (Labunska et al., 2015; Zeng et al,,
2016b). Conversely, formal recycling of e-waste or urban mining can re-
sult in positive environmental, resources and economic benefits
(Cucchiella et al., 2016a; Cucchiella et al., 2016b).

However, recycling and deep recovery for valuable resource by dis-
mantling, mechanical-physical, hydrometallurgy or pyro-metallurgy
can generate and release heavy metals (e.g., Cu, Pb, Cd, Cr) and persis-
tent organic pollutants (POPs) (e.g., polychlorinated biphenyls, polycy-
clic aromatic hydrocarbons, polybrominated diphenyl ethers, and
polychlorinated dibenzo-p-dioxins and dibenzofurans) (Awasthi et al.,
2016; Park et al., 2014; Wu et al,, 2016). The heavy metal and POP emis-
sion can cause serious environmental problems in some informal
recycling sites (Fu et al,, 2013; Huang et al., 2016). At the same time,
the hazardous substances can enter into new products with valuable
material recycling. When using the new products, hazardous substances
are distinctly exposed to public environment and human (Chen et al.,
2016; Song and Li, 2014).

In order to solve the e-waste problem, the European Union (EU)
established Directive on Waste Electrical and Electronic Equipment
(WEEE Directive) since 2002 (Krdl et al., 2016; Milovantseva and
Fitzpatrick, 2015; Zeng et al., 2013). A series of regulations regarding re-
striction of the use of hazardous substances in electrical and electronic
equipment have been enacted (Li et al., 2015b). Many countries or re-
gions also have set up similarly e-waste legislation (Chung and Zhang,
2011). Simultaneously, the Basel Convention was designed to control
transboundary movements of hazardous wastes and their disposal
(Ogunseitan, 2013), but some developed countries, like USA, did not
ratify the Basel Convention, and exported many e-waste to developing
country, such as China and India (Breivik et al., 2014; Hadi et al., 2015;
Song et al,, 2015).

Therefore, to address e-waste recycling and environmental pollu-
tion, we propose that the management of e-waste should cover three
levels of macroscopic (product and component), mesoscopic (material),
and microscopic (substance) scales.

2. What are the terms of product, component, material, and sub-
stance in e-waste recycling?

Material flow occurs from e-waste to final or new products during
the recycling process. The term material is defined as the substance of
which a thing is made or composed of component or constituent matter
(Lenton et al., 2016). In chemistry, a substance is defined as a single type
of matter consisting of uniform units. If the units are atoms, the sub-
stance is called an element, such as carbon or iron; if they are molecules,
itis called a chemical compound, such as carbon dioxide or iron chloride
(Brunner and Rechberger, 2004). A component is composed of many
materials, and product is the mixtures of some components, and can
function to serve for people with economic values (positive or negative)
assigned by markets.

In light of these rules, e-waste such as waste computer, television,
and mobile phone is product; printed circuit boards (PCBs), cathode
ray tubes (CRTs), liquid crystal displays (LCDs), battery, wiring, and
chips are typical components dismantled from e-waste; metal, plastic,
glass, and rubber composed of product or component can be regarded
as material; and further copper, gold, silver, lead, mercury, and BFRs
are substances (Fig. 1). For example, waste personal computers is prod-
uct; PCB that dismantled from waste personal computer is components;
tin-lead solder that used to fix electronic components on the PCBs can
be regarded as material; and further tin and lead are substances. In
physical world, product/component, material, and substance will locate
in macroscopic, mesoscopic, and microscopic levels, respectively. All in
all, towards the e-waste problems solving, adequate attentions by regu-
lation and technology are dominantly fundamental and crucial for vari-
ous stages of material flow in scientific perspective.

The jigsaw-physical structure of e-waste results in mechanical treat-
ment is the most broadly accepted manner to recycle e-waste from devel-
oping countries to industrial nations (Ruan and Xu, 2016; Zhang and Xu,
2016). After simple dismantling, WEEE (e.g. personal computer, air condi-
tioner) can be easily treated for many plastics, metals, and glass. The dis-
mantled components including printed circuit boards (PCBs) (Zhou et al.,
2016), lithium-ion batteries (LiBs) (Nitta et al,, 2015), and display screen
(Wang et al.,, 2015) need further treatment owing to their high integra-
tion (Zhang et al., 2015). Aiming at a closed-loop supply chain, the
existing recycling and deep recovery process can reclaim the valuable re-
sources (Fig. 1). When the recycled materials are manufactured, hazard-
ous substances including toxic heavy metals (e.g. Pb, Cu) and BFRs can
enter into new products, even using formal recycling process. While the
new products function, toxic substances are distinctly exposed to public
environment and human, which should be not neglected in the whole
life cycle of new products (Chen et al., 2016; Song and Li, 2014).

3. Macroscopic-level management for product and component

To minimize the negative impact of public environment and human
health, and maximize resource recycling, e-waste legislation has been in
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