Journal of Sustainable Metallurgy (2018) 4:295-311
https://doi.org/10.1007/s40831-018-0175-3

INNOVATIONS IN WEEE RECYCLING

@ CrossMark

Green Processes for Electronic Waste Recycling: A Review
Sabah M. Abdelbasir' - Chakinaz T. El-Sheltawy? - Dina M. Abdo’

Published online: 16 April 2018
© The Minerals, Metals & Materials Society 2018

Abstract

Electronic waste (E-waste) generation is evaluated at 20—50 million tons, representing 1-3% of the general waste generated
yearly worldwide. The large quantities of outdated and life-ended electrical and electronic equipment make it a fast-
growing waste production all over the world. Printed circuit boards (PCBs) are the most highly valued precious compo-
nents of E-waste. Apart from valuable metals, PCBs contain many dangerous and hazardous substances. The very
unpredictable mix of such different important and hazardous materials combined in a small volume poses serious chal-
lenges for the recovery and recycling of these constituents. To prevent toxicity of these contaminants to humans and
environment, it is inevitable to analyze the peculiarities and compositions of various materials in E-waste and determine
how to manage their recycling via green ecofriendly processes. This paper will deal with the outline of E-waste problem, its
diverse categories, composition, management, and various recycling processes especially the green ecofriendly ones with
unique attention toward extraction of valuable metals. Unfortunately, despite the fact that many efforts to develop recycling
technologies have been endeavored, these technologies are still rather exclusive and inadequate because of the intricacy of
the E-waste system. Hence, the demerits of each process are debated and discussed from the viewpoint of technical
advancement and environmental protection.

Keywords E-waste - PCBs recycling - Green processes - Metals recovery - Physical processes - Chemical processes -
Bioleaching

Introduction

Environmental management of noxious wastes has attrac-
ted a main interest across the world due to the unbridled
dumping into the ecosystem in a reckless way leading to
possible risks. Currently, nearly 1.3 billion tons of wastes
are generated yearly across the world [1], which will be
expected to increase to 4.3 billion tons per annum by the
year 2025. Electronic waste (E-waste) generation is
growing very fast around the world [2], with the rate of
generation being threefold higher than any other waste [3].
It is one of the principal contributors to environmental
contamination, the reason why it is strongly required to

The contributing editor for this article was Bernd Friedrich.

<l Sabah M. Abdelbasir
sfoda20 @hotmail.com

Central Metallurgical Research and Development Institute,
P.O. Box: 87, Helwan 11421, Cairo, Egypt

Faculty of Engineering, Cairo University, Giza, Egypt

develop effective recycling techniques for its mitigation
[4, 5]. It is predicted that E-waste generation from old
computers would rise by 500% and that from the discarded
mobile phones would be nearly 18 times higher by the year
2020 compared with the year 2007 [6].

E-waste contains both valuable and hazardous metals
which require special handling and recycling methods to
diminish environmental contamination and hazardous
effects on human health. Knowledge and understanding the
compositions of E-waste components help to recycle the
components effectively. Several existing recycling pro-
cesses and techniques are convenient for management of
E-waste, but the selection and adoption of an appropriate
process need a cautious approach, which depends upon the
material composition, and thus it becomes quite important
to know about its components. Advanced electronic
equipment contains nearly 60 different elements including
valuable and hazardous materials. The most complex and
valuable materials are found on printed circuit boards [7].
Printed circuit boards (PCBs) are the basic component
whereupon electronic items are assembled. They are used
to uphold and connect the electronic components together
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using conductive tracks etched from copper sheets lami-
nated onto them [8]. PCBs are viewed as the most eco-
nomically valuable component of E-waste. Yet, the fact
that such a highly complex blend of various valuable and
sometimes hazardous materials is constrained in such a
small volume poses serious challenges for recycling the
constituent substances and materials. The heterogeneous
mix of organics, metals, fiber glass, toxic materials
including heavy metals, and plastics makes the processing
of PCBs a really challenging task. Recycling of waste
PCBs (WPCBs) is a very crucial issue for treating waste
and recovering valuable metals. In general, WPCBs are
incorporated with around 30% metals such as copper, iron,
tin, nickel, lead, zinc, aluminum, and precious metals
[9, 10]. Beside metals, toxic substances, such as bromi-
nated flame retardants (BFR) and polyvinyl chloride (PVC)
are also included [11, 12]. Their recycling is a complicated,
costly process due to the variety of components, and thus,
the associated difficulty in separating them. Marques
et al.’s [8] processes based on pyrometallurgy and
hydrometallurgy [13-18] are usually used for extracting
and recovering metals from WPCBs. In industries, the
recycling of E-waste is carried out basically through pre-
treatment and pyrometallurgical processes. One of the main
international copper manufacturing companies, Aurubis
Global, professionally processes electronic waste in addi-
tion to other copper materials and precious metals [19, 20].
The main pyrometallurgical procedures used are two
reduction processes in a submerged furnace, followed by
oxidation process in an anode furnace. The product which
is 99% copper is cast into copper anodes, and electrowin-
ning is then applied to purify copper [19, 20]. Other
international companies, such as Umicore integrated
smelting and refining facility, the Noranda process in
Quebec, Ronnskidr smelters in Sweden, and Kosaka’s plant
in Japan, applied several industrial methods for recovering
metals from E-waste [21].

Only partial extraction of metals can be attained by
thermal processing, leading to a limited recovery of metals.
Moreover, further leaching or electrochemical processing
is required. Precious metals stay for an extended period
during the process and are recovered later at the end of
processing. Recent research done on energy recovery from
personal computers waste offers an associated example for
use of plastics in electronic waste. It indicates that thermal
processing of E-waste provides a possible approach for
recovery of energy from E-waste if an efficient emission
control system is installed [11].

Recently, there have been many researches on
hydrometallurgical treatment of E-waste for metal recy-
cling because it entails lower cost, less environmental
impact, and is easier to manage compared with pyromet-
allurgy [3]. Research on the hydrometallurgical method is
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directed to precious and common metals’ recycling [22].
The targeted metal for recycling in hydrometallurgy is
mainly copper because of its high content in waste PCBs
[23]. Mostly, the essential steps in hydrometallurgical
treatment consist of leaching, purification, and recovery.
Leaching treatments of waste printed circuit board can be
sorted into four categories: acid, ammonia, ammonium salt,
and chloride; other ways of leaching and some of these
methods are industrially applied [24, 25]. Commonly,
copper is dissolved in leachants, then the solution goes
through solvent extraction to improve copper purity, and
finally, pure copper is obtained by electrowinning [26-29].

Some of the E-waste recycling processes are related
with certain disadvantages that limit their application on
the industrial scale because of their slowness, time con-
suming nature, and adverse impacts on the environment.
Some leachants used in hydrometallurgical processes are
hazardous and pose serious health risks to the people, and
should, therefore, be manufactured or used in accordance
with high safety standards. Moreover, there are issues
concerning the costs of hydrometallurgical processes
compared with pyrometallurgical processes used for the
extraction of metals from E-waste [11]. Pyrometallurgical
processes have also some disadvantages such as generation
of a large amount of slag, loss of precious metals, and
difficulty in the recovery of Al and Fe, and other metals
[11].

Hence, it is necessary to summarize and discuss in detail
the recycling processes of E-waste, especially WPCBs,
taking into consideration the concept of “Green process”.
Based on environmental protection and resource recycling
utilization for the metals, some green integrated recycling
processes free from pollution and having high efficiency
for E-waste treatment were presented and discussed.

Different Categories of E-Waste

E-waste is an expression referring to all spent electric and
electronic devices that have been discarded by its users.
Based on the European WEEE Directives 2002/96/EC and
2012/19/EU [30, 31], it is sorted into different types. These
types include big and small household appliances, infor-
mation technology and telecom equipment, consumer
equipment, lighting devices, electrical and electronic non-
industrial tools, toys, relaxation and sports equipment,
medical noninfected devices, monitors and control units,
and automatic dispensers as shown in Fig. 1 [32, 33].
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E-waste Categories

Category 1 Monitoring and control equipment
Category 2 Electrical and electronic tools
Category 3 IT and telecommunications equipment
Category 4 Automatic dispensers

Category 5 Toys, leisure and sports equipment
Category 6 House hold appliances(Large & Small)
Category 7 Consumer electronics

Category 8 Medical devices

Fig. 1 Different categories of E-waste (color figure online)
E-Waste Composition and Characteristics

The structural composition of E-waste depends commonly
on the type and the model of the electronic device, its
manufacturer, date of manufacture, and the age of the
scrap. Larger amounts of precious metals are included in
scrap from IT and telecommunication systems than those in
the scrap from household equipment [23]. For instance, a
cellular phone contains more than 40 elements, base metals
such as copper (Cu) and tin (Sn) and precious metals such
as silver (Ag), gold (Au), and palladium (Pd) [34-36].
Circuit boards in the majority of the electronic equipment
may contain toxic elements such as arsenic (As), chromium
(Cr), lead (Pb), and mercury (Hg). Ended-life cathode ray
tubes (CRTs) in televisions and computer monitors contain
barium, copper, lead, zinc, and other rare earth metals.
Therefore, most countries have prohibited cathode ray
tubes disposal through landfilling. The changing composi-
tion of constituents due to the development of technology
has led to a severe challenge in evolving policies to man-
age E-waste [37]. Various factors affect the composition of
E-waste, including economic conditions, the reuse market,
the recycling industry, waste separation programs, and

Fig. 2 Characteristic material
fractions in e-waste [32] (color
figure online)

Metals 60.20%

control execution. Figure 2 adapted from [32] shows the
characteristic material fractions of E-waste components.

E-Waste Management

Commonly, in waste management, waste materials are
gathered, transported, disposed or processed, and recycled
aiming to diminish their harmful influences on health or the
environment. It is also conducted to regain resources from
it. Some of the important processes utilized in dealing with
E-waste incorporate the following:

Landfill Disposal

One of the used methods for disposing E-waste is to bury it.
Mining voids or burrow depths can be used in land filling.
E-wastes ending up as landfills may release pollutants to
the environs after some years in natural ways. Leaching
some wastes such as batteries may possibly release acids
and heavy metals like mercury, nickel, and cadmium.
Moreover, E-waste landfills may pollute groundwater
[38, 39]. After diffusing into the land soil, polluted water
will mix with other water sources such as rivers and
streams, and thus cause a potential harm when used by
animals and humans [40]. Organic and decayed materials
in landfills decompose and penetrate through the ground as
landfill leachate containing high amounts of polluting
substances depending on the waste type and its decay stage
[41].

Thermal Treatment

Thermal treatment of e-waste is carried out by either
incineration or pyrolysis. Incineration is a method of
throwing out waste by burning it [42]. It usually acts as an

Screens 12 %

+— Plastics 15.3 %

Metal plastic mixture5 %
I Pollutants 3 %
Cables 2%

" Printed circuit boards 1.7 %
Others 14 %
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alternative to other disposal methods, especially landfilling.
Incineration can lessen the volume of waste and the energy
content of its combustible materials. When burning the
waste materials, a reduction in its volume occurs, and the
materials’ energy content can be utilized. Thermal treat-
ment also includes pyrolysis (heating the substance in the
absence of oxygen) wherein the substances are converted
to fumes, oils, and charcoal.

When burning the plastic or PVC circuit board, the
fumes consist of carcinogenic polycyclic aromatics, diox-
ins and polychlorinated dibenzofurans, and gases such as
oxides of carbon, sulfur, and nitrogen are released and
minor quantities of heavy metal oxides could be present in
the smoke. Although the burning method is a simple, low-
cost process, it has been prohibited because of its serious
pollution of the environment [43-45]. E-waste incineration
plants contribute significantly to the yearly emissions of
cadmium and mercury [46, 47].

Re-use Method

Herein, the original hardware is second-hand or used after
minor changes. This method has an advantage of reducing
generated e-waste volume. However, inducements offered
by the retailers to monetize the old appliances by
exchanging against new ones are marketing gimmicks for
accelerating sales volume. The actual benefits to the con-
sumer in the new-for-old exchange practice are notional
once seen commercially [48].

Recycling Method

Recycling is defined as the reworking of the wasted
materials for performing the original function or for some
other different purposes. Recycling of E-waste comprises
disassembly and/or destruction of the wasted equipment to
recover their substances. It is an important process in terms
of waste treatment and recovering valuable materials. It is
also a beneficial alternative relative to disposal. The US
Environmental Protection Agency (EPA) has identified
distinguished real advantages, such as energy savings and
decrease in pollutions, when scrap materials are utilized
rather than virgin materials.

Utilizing recycled materials in place of virgin materials
results in noteworthy energy savings [49]. The prime tar-
geted aim of recycling E-waste scrap is to diminish the
harmful environmental impact caused by hazardous mate-
rials and ensure maximum material recovery. To accom-
plish these goals, detailed information of the E-waste
components is required for choosing the right recycling
method and facility [50].
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Waste Printed Circuit Boards

While dealing with the growing volume of E-wastes,
recycling of printed circuit boards (PCBs) is known as one
of the most difficult tasks considering their complex
structure and the consequent complicated blend of mate-
rials [51]. PCBs are fundamental constituent materials in an
extensive variety of electrical and electronic hardware
(televisions, personal computers, mobile phones, and
laptops).

Printed circuit boards (PCBs) are composed of three
types of materials: a nonconducting substrate or laminate,
printed conducting tracks, and components mounted on the
substrate. The substrate is typically composed of glass fiber
reinforced with epoxy resin or paper reinforced with phe-
nolic resin, both with brominated flame retardants [50].
Polymers and industrial plastics are other major con-
stituents of PCBs that contain polyethylene, polypropylene,
epoxies, and polyesters [21].

WPCBs have been paid careful attention by researchers
and industrial personnel, due to their wealthy resource
content and associated feasible risks on human health and
environment when recycled informally and inappropri-
ately. In this manner, factors that affect metal extraction
are financial viability, recovery effectiveness, and envi-
ronmental impact. WPCBs recycling process for the
highest optimal recovery of metals generally includes three
stages: pretreatment, size reduction, and metallurgical
treatment. Pretreatment means compositional analysis and
careful disassembly of the toxic parts by thermally or
chemically desoldering [52, 53]. The materials are then
shredded, crushed, and screened to reduce their size
[3, 5, 11, 49, 54-57]. Metallurgical treatment involves
thermal treatment [58, 59], leaching [60], electrolysis [61],
and biological [22, 62] processes for recovery and purifi-
cation of the metals [63—66].

E-waste Recycling and Treatments

Incineration, landfilling, and export to abroad are banned in
recent years for E-waste management due to the strict laws
that are enforced in developed countries such as the
European Union (EU), the United States (US), Australia,
and Japan [67]. Thus, environmental worries and the
presence of reusable metals or components provoke the
need to recover heavy and precious metals from E-waste,
before disposing them off into the environment. However,
environmental consequences and high-energy demand are
the major limitations which hinder their use at large scale.
Pyrometallurgical methods may be energy-intensive and
high-cost processes [68]. They generate large amounts of
slag, and may lead to the formation of mixed halogenated
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Fig. 3 Basic E-waste recycling
process (color figure online)
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dioxins and furans which can be avoided by availing proper
off-gas treatment [11, 21]. Hydrometallurgical treatment of
E-waste frequently uses cyanide [69, 70], halide [71],
thiourea, and thiosulfate [72, 73] as leaching agents to
extract most valuable components [8, 74-77]. Bio-hy-
drometallurgy has also been applied, to leach valuable
metals from waste printed circuit board (WPCBs) [60, 78].
Valuable metals can be further recovered from leaching
solution through adsorption by means of biomass waste
including microbial biomass [79].

Chelating agents have been used by many researchers
for the effective and efficient removal of metals such as Zn,
Cu, and Pb from E-waste [80—82]. Chelating agents could
be used to extract metals, due to their ability to form sol-
uble and stable metal complexes [83]. EDTA and Nitrilo-
triacetic acid (NTA) have been found capable of extracting
up to 86% of Cu, Pb, and Zn. Di-Palma and Mecozzi [84]
found that Cu and Pb can be more effectively extracted
with EDTA than with citric acid, whereas Kolencik et al.
[85] used Aspergillus niger fungi, along with citric acid and
oxalic acid, and found it to be effective as a pretreatment or
a final phase of E-waste metal recycling [86].

Unfortunately, even though several conventional meth-
ods are available, they sometimes just transfer the pollu-
tants from one place to another. Researchers are therefore
trying to develop more environmentally friendly processes
that can efficiently solve this problem. Most of the used
recycling practices aim to recover valuable metals from
E-waste using physical and chemical methods.

It is usual in waste management that wasted materials
are collected, transported, disposed off, or processed and
recycled to diminish their harmful effects on health or the
environment. Several recycling processes are used and the

proper process depends on type of the material, its metal
content, and volume. However, to extract valuables from
E-waste, it must endure a basic process including collec-
tion, breaking, and detaching, pretreatment, and final metal
recovery as revealed in Fig. 3.

Several issues have to be considered in evolving a new
treatment for recycling WPCBs driven by novelties, soci-
etal effects, and influence on the environment, a unified
waste management plan, and the procedure economics. The
WPCBs are various and complex in terms of type, size,
configuration, components, and composition. Over time,
the composition of PCBs is continuously changing, making
it more challenging to acquire a constant material com-
position. In general, the recycling techniques of WPCBs
can be abridged as physical recycling methods and chem-
ical recycling methods.

Separation of metals and nonmetals from WPCBs as a
rule completed by physical techniques relies upon various
parameters, for example, separation by shape, density,
electric conductivity, and electrostatic properties [11].
Then again, chemical recycling forms incorporate gasifi-
cation, burning, and pyrolysis. Metallic fraction can be
treated by pyrometallurgical, hydrometallurgical, or
biotechnological process, and the recovery process
becomes more complicated when the elements are avail-
able in minor concentrations. The recovery of metal values,
which is nearly 30% of the full weight of WPCBs, is the
primary motive for recycling, while the nonmetallic
materials (approximately 70%) have rather less economic
values. The main targeted aim of most recycling processes
is to recover the most valuable metals from WPCBs using
processes which occasionally are not very ecofriendly.
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Physical Treatment Processes

Physical processes are commonly applied during the
upgradation stage when various metals and nonmetals
contained in E-waste are liberated and come apart by some
means of shredding and crushing processes. The effort to
recover the valuable metals in particular Au, Ag, Pd, and
Cu has received enormous attention in recent years using
extraction processes such as physical, chemical, and com-
bined pyro/hydro leaching separation routes. Physical
processes include dry crushing and pulverizing and then
high-voltage electrostatic separation to get a variety of
metal powders (Cu, Pb, Zn, Al, Sn, Au, Ag, etc.) which are
conductive and nonmetallic resin powder materials which
are nonconductive. The consequence of a recycling process
can be measured from two aspects: the material recupera-
tion proficiency and the effect on the environment. Physical
separation processes gain low running expenses and
experience from a high valuable metal loss (10-35%) due
to insufficient metal liberation. To evade pollution with
dust, a three-stage dust removal equipment (i.e., cyclone,
bag, and air cleaner) are commonly practiced. This type of
physical WPCBs recycling systems has a separation effi-
ciency reaches 99%.

Mechanical method has been considered as the prefer-
able recovery technology for E-waste since no secondary
pollution was taken out during the process [§7-90]. Mag-
netic separation has been generally used in mineral pro-
cessing or solid waste industry to recover magnetic
materials from other materials [91]. Conversely, to recover
the nonferrous metals such as Cu, Al, Pb, and Zn from the
solid E-wastes, eddy current separation has been used
[92, 93]. Table 1 summarizes physical methods for recy-
cling E-waste.

Physical recycling methods have many advantages.
They are simple, appropriate and environmentally friendly
processes. Their equipment and energy used are low cost
and potential application of the products is distinguished.
Significant dust generation and metal loss during shredding
and grinding are some important weaknesses of the per-
formance. Nowadays, some developed countries generally
use physical processing of E-waste for the recovery of raw
materials. Their process flowcharts include manual selec-
tive disassembly, shredding, magnetic and electrostatic
Eddy current separations [100].

Chemical Treatment Processes
Various researchers studied the extraction methods of
copper, lead, and zinc and precious metals from E-waste

using chemical methods [88, 101-103]. These methods are
based on the classic hydrometallurgical technology of
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metal extractions from their ores. Acids or alkalis are used
as leachants for dissolution of precious metals from
E-waste, and then they are separated and purified for the
metal content enrichment and removing impurities. The
wanted metal is separated through solvent extraction,
adsorption, or ion exchange processes. Lastly, metals are
recovered from solution via electrorefining or chemical
reduction processes [26, 27, 29, 104, 105]. The processes
utilized for recovering metals from E-waste were surveyed
and described by Cui and Zhang [11]. Hydrometallurgical
chemical processes were found to have extra benefits when
contrasted with pyrometallurgical processes since they are
more particular, expectable, and easily controllable [106].
A concise clarification of the green hydrometallurgical
processes is given in Table 2.

Although chemical processes have been successfully
used to recover metals from E-waste, they are accompanied
with some disadvantages limiting their industrial-scale
application [112, 113]. Chemical process operations are
tedious, time consuming, and impact recycling economy.
However, mechanically handling the E-waste to reduce the
size required for efficient dissolution consumes long time.
Approximately 20% of metals is mechanically lost during
the liberation process that leads to a substantial reduction in
the overall metal recovery. Moreover, halide leaching is
difficult to enforce due to strong corrosive acids and oxi-
dizing conditions; besides, special equipment made of
stainless steel or rubbers is required for the leaching pro-
cess. Also, there are risks of metal losses during subsequent
steps affecting the overall recovery of metals.

Bioleaching Treatment Processes

Bioleaching process is a well-thought-out one of the most
auspicious technologies in metallurgical processing. It is
considered a green technology [114, 115] having a lower
operative cost and energy demands when comparing with
chemical methods [116]. It is an excellent process for
extracting metals from low-grade ores [117-121].
Bioleaching is technically practicable using bacteria-as-
sisted reaction to extract base metals such as Cu, Ni, Zn,
Cr, and precious metals such as Au, Ag, from E-waste.
Recently, some studies for extracting metals from E-waste
scrap have been done by many researchers [122-124].
Heavy metals were excellently leached when Acidophilic
bacteria were used [125-127]. For example, Wang et al.
[128] succeeded in mobilizing metals from WPCBs using
Acidobacillus bacteria. The bacteria, Acidithiobacillus
ferrooxidans (A. ferrooxidans) and Acidithiobacillus
thiooxidans (A. thiooxidans), were grown and accustomed
in WPCBs and then used as bioleaching bacteria to solu-
bilize metals. Very few studies reported the use of fungus
for recovery of metals from E-waste [81, 85, 122, 129].
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Table 1 (continued)

Disadvantages References

Advantages

Process description

Materials

Conditions

Method

separated/metals

recovered

Zhang

Care must be taken in

Highly efficient and

E-waste particles were milled in a

Soluble metallic

Co-milling with mixtures of K,S,0g

Mechano-

management of diluted et al. [99]

250 mL-capacity corundum pot quick leaching speed

compounds

and NaCl.

chemical

were separated
(Cu, Pd, and

Ag)

activation

g
S &
kel
SES
g s
5§75 %
NG
2%
-
0 E 3
25
2 9 oo
s E .5
SR=
L=
ES‘E
g Z8
73
o0
TEB
w“gg
Cs 923
o 5 2 &0
28 =,
55 %5
v EE o
< =}
w58
2z el
S8 00
= @
TEE2
> 35 o0S
<
g =
Q
EF:
%)
o D7 o &
07 %S
238022
s 5.3 25
.-D>Z‘;'<,,_‘
;g-:x‘--éo
E2TE S
I} @50
g g g8
2 oo @
Nscoﬁ—c
o0 S =)
~0Z 3
o5 =a
AL L X
— 5 g<Q
S ESE W
=2 s=A &
25 E MM

pollutants, such as NO,

or NO

reagents

After milling, the ground sample
mixed in 0.5 mol/L diluted
hydrochloric acid, stirred for
15 min. at room temperature.

Then, the mixture was filtrated and

the residue was collected and dried

at 105 °C

Because of constant supply of nutrients for fungal growth,
handling of fungi in turnover and long processing time
restricts the use of fungus [130]. Besides these limitations,
fungal bioleaching has several advantages over bacterial
bioleaching: they can grow at high pH, which makes them
efficient for alkaline materials bioleaching. They can leach
metals rapidly and conceal organic acids that chelate metal
ions, thereby, being useful in metal-leaching process
[122, 131]. Even with such advantages, still, there is an
information shortage about using fungi to leach metals
from E-waste [131-134]. The E-waste has no source of
energy that is required for growing the bacteria, and
therefore, an external supply of nutrients is a must for
leaching metals from E-waste. Table 3 shows the mostly
used bacteria, and microorganisms for E-waste leaching are
given in the table. Although bioleaching process has many
advantages, commercial performance of the process is still
in the nascent stage. This is imputable to the completely
slow nature of this process. Many of the bioleaching pro-
cesses require long time ranging from 48 to 245 h to
recover metals without recovering all the metals present in
E-waste [135]. Therefore, there is a necessity to develop a
fast and economic bioleaching process that can be applied
industrially.

Vacuum Recycling Processes

Metals can be recovered from E-waste utilizing vacuum
processes which have no wastewater pollution. Here, the
nonmetallic components from E-waste can be removed by
vacuum pyrolysis so the metals can be easily recovered
[14, 143]. Metals separated out and recovered from
WPCBs depend on their vapor pressures at the same tem-
perature. Zhou research group [97, 144] recovered metals
from WPCBs by a two-step vacuum pyrolysis process. The
chief process separated and recovered the solder alloy at
temperature ranges from 400 to 600 °C. In the ensuing
process, WPCBs were pyrolyzed and the residue heated
under vacuum to recover the solder by centrifugal separa-
tion. Glass fiber and other inorganic metals and materials in
the resulting residues still need additional treatment. Cad-
mium (Cd) and zinc (Zn) metals from WPCBs were
recycled using vacuum process for their separation
[145-148]. The research group used their self-made vac-
uum furnace, and they succeeded to favorably evaporate
Cd and separate Zn because of their vapor pressure dif-
ferences. The separation of lead found in the solders of
WPCBs was more difficult because the Pb-Bi alloy was
formed with a low vapor pressure.

He et al. effectively recovered metallic indium from a
distinct sort of E-waste which is waste liquid crystal dis-
play (LCD) panels, using coke powder as a reducing agent
[149]. Indium oxide (In,O3) was reduced to metallic
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% - = Table 3 The most used microorganisms for bioleaching E-waste
Q = 00—
5 o § S Microorganisms Leached Recover References
[ 5 g y
B ES = metal (%)
[3) = N &= o
~ N
5 A. ferrooxidans Cu, Ni, > 90 Brandl et al. [120]
o g = + A. thiooxidans Al, Zn
. 5 .0
a g “‘; z ; A. ferrooxidans Cu 99 Yang et al. [134]
) 15} S 2
§ % E _g g G| A. ferrooxidans Cu 99 Wang et al. [126],
5 o
3 529 g A. thiooxidans Cu 74.9 Mrazikova et al.
z 522 3 [135]
A ~ A. ferrooxidans Cu 99.9
+ A. thiooxidans
Sulfobacillus Ni, Cu, 81, 89, Ilyas et al. [114]
thermosulfidooxidans Al, Zn 79, 83
Chromobacterium Au 68.5 Brandle et al. [136]
violaceum
- A. ferrooxidans, Cu, Pb, 99, 74.9, Wang et al. [126]
8 A. thiooxidans and Zn 88.9
% mixture
7]
go 2 Aspergillus niger, Cu,Sn 65 Brandl et al. [120]
Ei e Penicillium AL Ni, >95
i é simplicissimum Pb, Zn
Aspergillus niger, Cu 83 Saidan et al. [127]
§ é’ }E Qa fé . é g Acidithiobacillus
£ g E z g z R § ° é’ thiooxidans
§ g £Y 8= .8 & - 5 -% g t&[bg Thermosulfidooxidans ~ Cu, Zn, 86, 80, Tlyas et al. [137]
- ‘:; 8 § 2= § § SE = S g sulfobacilllus Al, Ni 64, 74
<5 &% - =§8wn_ 25 S + Thermoplasma
£ B EQ~ - ao® B © = 70 . .
S8 S 0SS ES L2 [V =] acidophilum
B0 B8SEZ . &S < E8 . . .
LcOUS=E = o=%g 2 O I 2 S £ A. ferrooxidans Ni, Cd 54 Velgosovd et al.
=35848 agagggg;‘; S8 [138, 139]
S oo E = oD Q = oo
) E28C °TSEEE Ssc EES Lactobacillus Au 85 Sheel and Pant
= e85 e lgp5Tss g §OA acidophilus [140]
] 0o £S5 B 50 — & = SRS
= = 0= B T8 8 Fa o
3 a82—235%5%3%0g S o
A = b 3
g 238 25UgEe8<s 258
&} &} A =
- indium under high-temperature condition by reducing
E 8 e SE X . .
0 Szt § P 2 % 2 L atmosphere. The processing conditions were 1223 K and
=] = < . .. .
E oewvfE°E28,83075 1 Pa with 30 wt% carbon additions for 30 min. and the
2o E 28 ELEQEEBFGT T . .
o8, E2F 28852223 8 recovery rate of indium reached 90 wt%. Indium was also
151 = o v v 2o 0O S X .
528885 ,mo=2pb8E223 recovered from wasted LCD panels by chlorinated vac-
2835588 2835w 5g L ) . .
5822 s5< “8’ c 2 = 5 £ 558 uum-separation method [150]. In this method, a chlori-
o 82 3.5 32 < SE=<c 585 . . .
g Z o ‘§_§ S 2 gz § » - EYE35 3 nating agent, ammonium chloride (NH4Cl), was used at
= & TE2> 223 2ni2ET 23 . .
=y 22 ESE S =S 8 o &% 55 3 temperature of 400 °C. The weight ratio of the used
13} —= [SERTINY 4 (D= . .
8 ; g 3 S, 2 EEZS €855 °e o NH,Cl-to-glass powder was 1:2, and the optimal particle
—_ ; © -3 B =2 e 8 [ . . . .
2 2 3= g § S 523 55 Em E % 2 e size was less than 0.13 mm. Purity of the recovered indium
o 2 5 o Lo = = = . . .
o s &2 = o282 ESETE
g =385 2%59 = s22gE8582¢E chloride reached 99.50%, and its recovery rate attained
A A~ = 98.02%.
so | & The environmental and financial benefits of vacuum
9] . .
< é S g processes for the E-waste recycling have been validated.
3 = .
gg S| = Gas flow can be efficiently controlled, and furthermore, no
7] [=¥ . . .
h wastewater will be released or dust emission will occur.
"u'g z This process is a promising and environment-friendly
é § g method for metal recycling from E-waste, still, it needs to
=} .
s g = be improved for further advancement. On the one hand,
o — .
~ g 23 vacuum processes have many benefits for separating metals
o | = 3] . . . . .
|3 2y having low boiling point and high saturation vapor
S| = A
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pressure, such as Zn, Pb, and Cd. In contrast, separation of
the valuable and rare metals having low saturated vapor
pressure through vacuum condensation method is not so
great. Still, pretty much hypothetical issues are waiting for
additional clearance before its modern industrial applica-
tion [151].

Conclusion

E-waste is not a common rubbish or an ordinary waste.
Instead, it is a valuable scrap that contains considerable
quantities of metal resources and should not be dumped
wrongfully anywhere. Traditional processes may not meet
the future industry requirements because of environmental
contamination, high cost, and low efficiency. It would be
greatly important to develop green processes for the recy-
cling of WPCBs for both the economy and environment.
The authors wish that this review will bring issues to light
regarding E-waste management using cleaner economical
recycling process. Even though various activities about
development of recycling processes have been attempted,
even now there is still a huge area left to achieve the
environment-friendly recycling for metals. Furthermore,
using a single technology still has some limitations and
cannot solve all problems because of the complexity of the
E-waste system. A combination of more than one process
or technology should be applied to recover metals later on.
We can also prefigure that future recycling technologies of
metals from E-waste will turn out to be more effective, of
low cost, and meeting the necessities of environmental
safety.
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