% Global NEST

Global NEST Journal, Vol 20, No 4, pp 679-694
Copyright© 2018 Global NEST
Printed in Greece. All rights reserved

The recovery of metals from WEEE: state of the art and future

perspectives

Marra A.*, Cesaro A. and Belgiorno V.

SEED - Sanitary Environmental Engineering Division, Department of Civil Engineering, University of Salerno, via Giovanni Paolo Il, 84084

Fisciano (SA), Italy

Received: 13/02/2018, Accepted: 10/10/2018, Available online: 15/10/2018
*to whom all correspondence should be addressed: e-mail: amarra@unisa.it

https://doi.org/10.30955/gnj.002626

Abstract

Metals are essential elements in the modern technology as
they are widely used for several industrial applications such
as the manufacturing of electronic  devices.
Besides common metals, such as copper, iron and
aluminium, electronic appliances can contain precious
metals as well as metals defined as critical, including rare
earth elements (REEs). In this regard, the chance to recycle
metals from end-of-life appliances, namely Waste Electrical
and Electronic Equipment (WEEE), has benefits for both the
economy and the environment in terms of its protection
and conservation. However, the existing recycling industry
for the recovery of metals from WEEE is still in its infant
stage and mostly addressed to the recovery of base metals;
precious metals are also extracted, while REEs are
practically almost never recycled.

The present work provides a comprehensive overview of
the recycling technologies currently applied for the
recovery of metals from WEEE, including the recovery of
REEs, for which few and fragmented information is
available in literature due to the limited experience and the
restriction imposed by trade secrets. Advantages as well as
limits of both conventional technologies and recent
research developments are discussed and future
perspectives are lastly pointed out.

Keywords: Recycling techniques, mechanical treatments,
pyrometallurgy, hydrometallurgy, biometallurgy, precious
metals, rare earth elements.

1. Introduction

The challenge to face the increasing demand of raw
materials and the scarcity of primary resources has forced
the transition from the take-make-dispose linear model
towards a circular economy approach that conversely is
based on the idea of closed loops and the reintroduction of
resources into the economic system, promoting waste
reuse and recycling. In this approach, metals appear the
perfect materials for a circular economy model as they can
be recycled countless times. Moreover, metal recycling
from end-of-life materials can become more beneficial as
some manufactured products contain metals in

concentrations higher than that present in primary ores, as
for Waste Electrical and Electronic Equipment (WEEE)
(Hageliken et al., 2016).

WEEE is the term used to denote a variety of end-of-life
equipment coming from obsolete electrical appliances and
electric goods (Kaya, 2016). Such a wide range of items is
mainly composed of metals which contribute for the 60%
of the equipment weight (Widmer et al., 2005). The major
fraction of metals is concentrated in WEEE specific
components, namely the printed circuit
boards (PCBs), that besides copper, lead and tin solders
contain also precious metals (Ghosh et al, 2015).
Furthermore, some products comprising phosphors, as
fluorescent lamps, neodymium-iron-boron (NdFeB)
magnets and nickel-metal hybrid (NiMH) batteries contain
rare earth elements (REEs), counting lanthanides plus
Scandium and Yttrium (Binnemans et al, 2013; Tunsu
et al., 2015). These elements were classified in 2010 by the
European Commission as the most critical raw materials for
their high economic importance and shortage production.
Their criticality assessment has been confirmed in 2014
(European Commission, 2010, 2014).

The value of the metallic fraction is the main driver for
WEEE recycling (Wang and Xu, 2014). In the recycling chain
for metal recovery, WEEE is primarily separately collected;
then mechanical treatments are employed to detach the
non-metallic fraction from the metallic one which is further
sent to metallurgical refining processes in order to obtain
the recovered metal (Cui and Zhang, 2008). However, the
existing WEEE recycling industry is at the beginning and
there is significant room for improvements for the recovery
of precious metals and, especially, of REEs which are
currently recovered at very low percentages (Binnemans et
al., 2013). Moreover, the existing technologies for WEEE
recycling are mostly dominated by smelting processes or
emerging hydrometallurgical treatments claimed to have
several impacts on the environment due to the generation
of secondary pollutants. In this respect, the development
of environmental friendly and cost-effective treatments is
strongly required (Cui and Zhang, 2008; Khaliq et al., 2014;
Priya and Hait, 2017).
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This paper outlines the state of the art in metal recycling
processes from WEEE. Conventional technologies,
including mechanical treatments, pyrometallurgical and
hydrometallurgical processes, are deeply discussed. Recent
research developments in the field of biometallurgy are
overviewed as well. The current recycling of REEs from
WEEE is also pointed out, although the information
available are limited and fragmented as only few
applications are reported. The limits imposed by social
behaviour, product design, and recycling technologies are
highlighted and future perspective are finally provided.

2. Management practices: the recycling of WEEE

The increasing amount of WEEE annually generated (a
growing rate of 3-5% per year has been projected in Europe
by Eurostat), the presence of hazardous substances in
WEEE, which requires proper handling practices, as well as
the presence of valuable and critical materials point out the
importance to pursue a sustainable management of this
complex waste stream (Rubin et al, 2014; Tanskanen,
2013; Tsydenova and Bengtsson, 2011).

In European Countries and in most high-income regions
worldwide, regulations on WEEE management are
enforced or under development. Reuse, remanufacturing,
recycling, incineration and landfilling are the main options
involved in the management of WEEE. According
to the principles of “waste hierarchy” applied in
the European Member States, the reuse of second hand
electronic goods is encouraged as the first priority.
The remanufacturing of the end-of-life electronic
equipment, consisting in its rebuilding, repairing and
restoring for producing a new or almost new equipment,
covers the second option of the management priority,
followed by material recovery via recycling techniques.
Incineration and landfilling are finally considered the least
management options (Cui and Zhang, 2008; Priya and Hait,
2017).

However, in some nations, especially developing countries,
WEEE is still mostly handled by an informal sector, relying
on unsafe and improper recycling practices such as open
dumping, open burning and uncontrolled acid/cyanide
leaching. This sector, consisting of small and backyard
workshops, is primarily widespread in regions where laws
on environmental pollution control are missing, labour
costs are low and the demand of low-price secondary
materials is high (Ongondo et al., 2011).

The recycling of WEEE represents an important
management option in terms of WEEE treatment, in order
to avoid the release into the environment of the potentially
harmful substances in it contained, and in terms of
resource recovery due to the presence in WEEE of metals,
including precious metals and REEs (Cui and Zhang, 2008;
Priya and Hait, 2017).

The value of metals is the leading incentive in WEEE
recycling as metals can be eternally recycled maintaining
their quality and functionality. Besides the economic value
of the recoverable materials, metal recycling from WEEE
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can moreover lead to several benefits in terms of energy
saving, environmental protection and resource
conservation. Indeed, the extraction of metals from waste
is less energy intensive than their mining as the metal
concentration in certain equipment is higher than that in
ores (i.e. for precious metals). Moreover, the
environmental protection is persuaded since the recycling
of metals reduces the environmental burdens related to
primary mining and the environmental impacts owing to
incineration and landfilling, preventing both the losses of
valuable materials and the release of harmful substances
into the environment. The conservation of resources is
furthermore promoted, especially with regard to critical
raw materials that are largely employed in the electronics
industry (Cui and Zhang, 2008; Hageluken, 2006; Khaliq
et al., 2014; Priya and Hait, 2017).

Currently the WEEE recycling chain includes three main
steps: (i) collection, (ii) pre-treatments, (iii) end-refining
processing (Meskers and Hagelliiken, 2009; Tanskanen,
2013).

The collection of WEEE is the earlier stage of the recycling
chain that determines the amount of materials entering
the recovery process (Meskers and Hageliken, 2009).
For the successful implementation of a collection strategy,
a high level of consumer awareness is required in order to
make the electronic waste available for recycling
(Tanskanen, 2013; Toffolet, 2016). For instance, a relevant
quantity of obsolete small electronic goods, especially
mobile phones, is still stored by consumers at home and
thus kept out of their potential recovery or
incorrectly disposed of together with municipal waste
(Baldé et al, 2015). WEEE collection takes place
locally and it is promoted by government policies,
advertisement for public awareness and separate
collection facilities installed at public places (Khalig et al.,
2014). Municipalities and citizens are the most important
actors in WEEE collection procedures (Favot and Marini,
2013).

The pre-treatment of WEEE consists of operations aiming
at selectively removing larger valuable and hazardous
components as well as upgrading material fractions which
are further routed to end-refining processes
(Cui and Zhang, 2008). During pre-treatments re-usable
parts and hazardous components are removed by
dismantling and manually sorting. Then, the
separation of the different material fractions (i.e. plastics
and metals) is carried out using mechanical
treatments (Khalig et al., 2014). This step involves several
costs as for the collection stage. Pre-treatments
usually occur on a local or regional scale, depending on the
presence of treatment facilities (Tanskanen, 2013).

The last step of the recycling chain is covered by end-
refining treatments that process the recyclable
fractions coming from the previous steps so as to fed back
to the market the recovered materials. In this stage,
non-metallic fractions resulting from the mechanical
separation processes can be treated through processes as
gasification, pyrolysis, supercritical fluid de-polymerization
and hydrogenolytic degradation with the main
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aim  of producing chemical substances and
fuels (Khaliq et al., 2014). Metallic fractions are, instead,
sent to further recovery via techniques coming from the
metallurgical sector, such as pyrometallurgy and
hydrometallurgy (Cui and Zhang, 2008). Conversely
from both the collection and the pre-treatment step, end
processes are able to produce profits owing to the sale of
recovered materials. As end-refining  processes
require  special techniques, they are generally
implemented on national or international level
(Tanskanen, 2013).

The choice of the suitable recycling technique is addressed
by factors as metal grade, economic
feasibility and environmental compatibility (Priya and Hait,
2017).

Although the treatment of WEEE has achieved a good
degree of specialization in some European countries (Li et
al., 2013), the recycling of metals from WEEE is
still in its early stage (Huang et al., 2009; Priya and Hait,
2017) with recycling rates below 15% for precious metals
(Hagelliiken et al, 2016) and 1% for critical metals
(Binnemans et al., 2013).

3. Techniques for metal recovery from WEEE

The recovery of metals from WEEE can be achieved
through treatments based on physical, chemical and
biological processes (Priya and Hait, 2017).

After being separately collected, WEEE is firstly dismantled
and subjected to a manual sorting with the main aim to
eliminate components containing
hazardous substances and separate components holding
valuable materials (i.e. PCBs or cables) so as to avoid their
losses. Then, the waste is processed through
mechanical treatments, namely size reduction and physical
separation processes. These processes
pursue the liberation of metals and their separation from
the non-metallic fraction (Cui and Forssberg, 2003).
The non-metallic fraction is usually sent to landfills or
incinerators (Canal Marques et al, 2013) while
metals are further routed to end-refining treatments,
exploiting metallurgical techniques as pyrometallurgy or
hydrometallurgy, for the effective recovery of metals.
In order to obtain high purity metals, electrometallurgical
processes, including electrowinning and electrorefining,
are generally applied at the end of the recycling
chain. These processes are based on the electrodeposition
of metal concentrates in aqueous electrolytes or
molten salts (Hoffmann, 1992; Sum, 1991; Veit et al., 2006).

Besides the debated treatments, in the last years
biometallurgy has attracted great attention as
promising technique for the recovery of metals from WEEE
at lower costs and minor environmental
impacts compared to the conventional treatments
(Cui and Zhang, 2008; Khaliq et al., 2014; Priya and Hait,

2017). Moreover, emerging technologies in the
field of electrochemistry, supercritical fluids,
mechanochemistry and ionic liquids are being

explored (Tan and Li, 2015; Wang et al., 2017).

A general scheme of the treatments currently involved in
the recovery of metals from WEEE is plotted in Figure 1.
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Figure 1. General scheme of the processes involved in WEEE
metal recycling (adapted from Tuncuk et al., 2012)

3.1. Mechanical treatments

Mechanical treatments, along with dismantling and
manual sorting, generally work as WEEE pre-treatments.
The techniques employed for WEEE mechanical treatments
have been transferred from the mineral sector (Menad,
2016). Shredding, screening, magnetic separation, eddy
current separation, corona electrostatic separation and
density-based separation can be found in a conventional
WEEE mechanical treatment line (Figure 2).

Shredding is performed for obtaining a particle size
reduction so as to achieve their liberation.
Crushing/shearing machines or hammer mills are
commonly used in WEEE treatments. After size reduction,
the waste particles are further separated via selection
techniques based on size, magnetic, electrical or density
properties of the resulting shredded material (Yu et al,
2009).

Screening is used for classifying shredded particles. WEEE
screening is generally performed using vibrating screens
and trommels. The screening process ensures the
separation of the entering material at least into two
separate fractions: the oversize material, namely the
particles that are retained by the screen surface, and the
undersize material, consisting of the particles which pass
through the screen (Menad, 2016). At the end of this stage,
output fractions uniformed in size as well as enriched in
metals are returned (Cui and Forssberg, 2003).

Magnetic separation, eddy current separation and corona
electrostatic separation base the selection criteria on the
different electromagnetic properties of the material (Yu
et al., 2009). Magnetic separators, specifically low-intensity
drum separators, allow the separation of ferromagnetic
metals, as iron scraps, from non-ferrous metals and other
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non-magnetic materials (Cui and Forssberg, 2003). Eddy
current separation and corona electrostatic separation
provide the material selection based on the conductivity
properties of the feeding waste materials. The former
separation technique exploits alternative magnetic fields in
order to generate eddy currents in non-ferrous particles.
These currents induce in turn a secondary magnetic field
which, reacting with the first one, results in repulsive forces
able to separate the conducting particles from the product
stream. The latter technique uses a high voltage electric
field which provides the separation of metals from non-
conductor materials as plastics (Menad, 2016).

Density-based techniques basically divide the coming
stream into a light, a mixed and a heavy fraction.
Pneumatic table or air table are the equipment commonly
used (Menad, 2016). These techniques ensure the
separation of metals from non-metals (Cui and Forssberg,
2003).

Dismantled WEEE

| MAGNETIC SEPARATION I—b Ferrous metals

GRANULATION

| MAGNETIC SEPARATION |—> Ferrous metals

CYCLONE Dust

| DENSITY-BASED SEPARATION |—> Plastics

]}

EDDY CURRENT/ELECTROSTATIC
SEPARATION

'

Fiber glass, resins

j——=>- Non-ferrous metals

Figure 2. Mechanical treatment line for WEEE pre-processing
(adapted from Lee et al., 2004)

As mechanical treatments determine the effective
concentration of materials entering the further refining
recovery processes, they play a fundamental role in the
recycling chain (Chancerel et al., 2009; Meskers and
Hagellken, 2009; Meskers et al., 2009). In this regard, the
amount of the output material obtained and its quality are
important process parameters.

During pre-processing material losses can occur as 100% of
recovery is an ideal situation. These losses can be related
to several factors: (i) the type as well as the combination of
the selection techniques; (ii) the thermodynamic of the
process performed; (iii) an incorrect sorting which
determines the presence of
metals of interest in output streams not directly involved in
the recovery process (Meskers and Hageliken, 2009;
Meskers et al, 2009). Moreover, the physical
characteristics of the waste material, such as particle size
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and shape, can strongly affect the metal extraction as well
as the process selectivity (Cui and Forssberg, 2003; Sun
et al.,, 2015; Veit et al., 2002). For instance, Zhang and
Forssberg (1997) highlighted that a comminution below
2 mm is sufficient to achieve a complete liberation of
copper particles. The selectivity of the process is affected
by the size of particles as separation techniques are
characterized by a workable size particle ranges (Zhang and
Forssberg, 1997). Moreover, the separation process is
influenced by the shape of particles (Veit et al., 2002) and
the product design (Bachér and Kaartinen, 2016).

Mechanical treatments are characterized by relative low
capital and operating costs (Tuncuk et al., 2012). However,
the main drawback is represented by the losses of valuable
metals as well as significant dust generation (Kaya, 2016).
Mechanical processes are well designed to recover mass
relevant metals, as iron and copper, with yields up to 80%
whereas they fail in the recovery of precious metals which
are often lost in the dust streams (Bachér et al., 2015;
Chancerel et al., 2009; Cui and Zhang, 2008; Lu and Xu,
2016; Oguchi et al., 2012; Veit et al., 2002). Previous
investigations reported around 60-70% of losses in terms
of gold and wup to 80% of palladium.
These losses are mainly ascribed to the shredding
processes as they act dispersing precious metals in stream
extraneous to metal recovery (Bachér et al, 2015;
Chancerel et al., 2009; Marra et al.,, 2018a). Losses of
critical metals have been stated as well. Habib et al. (2015)
reported the complete losses of REEs contained in NdFeB
magnets of hard disk drives (HDDs) in a
shredding-based WEEE treatment plant. Ueberschaar et al.
(2017) found large portions of cobalt and REEs in the
ferrous fractions and in the fluffy shredder light fraction,
from which recovery is not feasible, of a WEEE
pre-processing plant. Similarly, Marra et al. (2018a)
showed that after mechanical treatments REEs were
almost concentrated in the dust fraction originating from
process air cleaning.

The scientific and industrial research is, thus,
currently directed towards the optimization of these
processes in order to ensure the recovery of
precious metals as well as REEs whose fate has not been
addressed yet.

3.2. Pyrometallurgy

Pyrometallurgy is a consolidated technology in the field of
extractive metallurgy that exploits heat and high
temperatures to enable the recovery of metals.
This technique has been effectively applied in the past two
decades for the recovery of non-ferrous metals as well as
precious metals from WEEE (Cui and Zhang, 2008).

The main pyrometallurgical processes include incineration,
smelting, drossing, sintering, melting and reactions in a gas
phase at high temperatures (Sum, 1991). Smelting is the
prevalent route used for
WEEE recycling (Zhang and Xu, 2016): as copper and lead
are the main components in electronic devices,
copper and lead smelters are primarily used for the
pyrometallurgical treatment of WEEE (Khaliq et al., 2014).
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During pyrometallurgical treatments, WEEE is fed and
burned in specially designed incinerators, blast furnace or
plasma arc furnace so as to remove the plastics contained
in the electronic components whereas the metals are
concentrated in a molten bath. The latter are casted as
anode which is further refined using electrometallurgical
processes for obtaining high purity metals. Slurry residues
derived from this refining phase are rich in precious metals
and are then processed for their recovery. A slag phase
containing the extraneous materials is generated as well
(Ebin and Isik, 2016). A schematic flowchart of WEEE
recycling trough pyrometallurgical treatments is shown in
Figure 3.

WEEE

|

| PRE-TREATMENTS |—>Othermaterials

Non-ferrous metals

Copper and
lead concentrate ———p|  COPPER AND
scraps LEAD SMELTERS

| CASTING INTO ANODES |

!

| ELECTROREFINING I—»COPPET

|

| ANODE SLIME REFINING |—> Precious metals

Figure 3. Flowchart of pyrometallurgical processes for WEEE
recycling (adapted from Ebin and Isik, 2016)

Several smelting industrial technologies treating WEEE can
be mentioned as well as some patented applications
(Cui and Zhang, 2008). Among the industrial applications,
the Noranda process employed at the Horne Smelter in
Canada (Glencore recycling, 2018), the Kaldo
technology developed by Boliden at the Ronnskar Smelter
in  Sweden (Boliden, 2018) and the IsaSmelt
technology utilized by Umicore at the Hoboken Plant in
Belgium (Umicore, 2018) are the most known.

The Horne Smelter located in Rouyn-Noranda, Quebec
(Canada), is a custom copper smelter, processing 840,000
tons per year of copper and precious metal-bearing
materials (Glencore recycling, 2018). Around 14% of the
total material processed at the plant is represented by
electronic scraps which are fed into the smelter
together with the copper concentrates and the precious
metal-bearing  recyclable materials. The input
materials are immersed in a molten bath at 1250°C.
Inside the reactor the smelting process generates two
layers: a floating silica-based slag, within which lead, zinc
and iron are entrapped as oxides, and a heavier
lower layer consisting of copper matte. The collected
copper matte is then sent to the converting process in
order to have the blister copper that in turn is processed in
an anode furnace to be casted as 99.1% pure
anodes. The residual 0.9% comprises precious
metals which are finally recovered via electrorefining.

The silica-based slag is refined as well in order to recovery
other metals (Cui and Zhang, 2008; Khaliq et al., 2014).

The Boliden Ltd. Ronnskar Smelter in Sweden is an
integrated copper and lead smelter which receives copper
and lead concentrates as well as electronic scraps. In 2016
the plant processed a total of 840,000 tons of copper and
lead concentrates and secondary materials, producing
207,000 tons of copper cathodes, 28,000 tons of lead,
33,000 tons of zinc clinker, 14 tons of gold, 508 tons of
silver and 503,000 tons of sulphuric acid (Boliden, 2018). As
of 2014, around 120,000 tons entering the plant are
electronic waste (Ebin and Isik, 2016). The plant consists of
two treatment lines, a copper production and a lead
production line. The copper concentrates are processed
through the copper production line, including a smelting
and a converting process, whereas the electronic scraps are
fed along with the lead concentrates in the lead production
line. This line provides for a Kaldo furnace technology. The
Kaldo converter releases two output products: a mixed
copper alloy, which is integrated with the flow resulting
from the smelter of the copper production line for further
refining, and a lead alloy which is sent to refining as well.
At the end of the copper line, metals as copper, silver, gold,
platinum, palladium, nickel selenium and zinc are
recovered whereas pure lead is obtained from the lead
production line. The Kaldo furnace generates, moreover,
dusts which are sent to separate refining operations for
recovering metals such as lead, antimony, indium and
cadmium. The smelting plant is also equipped with a line
treating off-gas emissions that reduces the sulphur
dioxides resulting from the smelting process in sulphuric
acid and other sulphur products (Cui and Zhang, 2008; Ebin
and Isik, 2016; Khaliq et al., 2014; Zhang and Xu, 2016).

The Umicore plant in Hoboken, Belgium, is an integrated
smelter and refinery plant treating annually over
350,000 tons of feed-materials, including various industrial
wastes, residues containing precious metals, spent
industrial catalysts as well as car exhaust catalysts and PCBs
(the plant is expanding its capacity from 350,000 to
500,000 tonnes per year). Electronic scraps represent
around the 10% of the incoming feedstock. In total
seventeen different metals, including base, precious and
special metals, can be recovered at the end of the process:
the plant has an annual production capacity of around 50
tons of platinum-group metals, 100 tons of gold and 2400
tons of silver. The recovery process is developed through
two treatment lines: one aiming at the recovery of precious
metals (precious metals operations, PMO) and the other
one sets up for base metal recovery (base metal
operations, BMOQ). The former line is equipped with a
IsaSmelt furnace which produces three output products: (i)
a copper bullion that is sent to further refining processes
via leaching or electro-refining, (ii) a lead slag which is sent
to the BMO line and (iii) sulphur gases that are fed to the
sulphuric acid plant. The BMO line treats the high-grade
lead concentrates and the lead slag resulting from the
IsaSmelt furnace. This line consists in a lead blast furnace
that produces both a lead bullion, further treated in the
lead refinery with the aim of recovering special metals as
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indium, selenium and tellurium, and a copper matte which
returns to the PMO line. The residue from the leaching and
electrowinning process of the PMO line is finally treated for
the recovery of precious metals (Cui and Zhang, 2008; Ebin
and Isik, 2016; Hageliiken, 2006; Zhang and Xu, 2016).

Several high temperature processes, including melting,
extraction with liquid magnesium, electroslag remelting,
chlorination, fluorination, or electrolysis of molten salts
have also been considered for the recovery of REEs from
magnets and batteries (Binnemans et al., 2013). However,
during pyrometallurgical processes REEs are lost into the
slag phase in which they are easily entrapped due to the
strong affinity of this group of metals with oxygen. In this
regard, further electrometallurgical or hydrometallurgical
processes are required so as to recover these elements
from the slag (Binnemans et al., 2013; Haque et al., 2014).
Notwithstanding the several research efforts in developing
effective routes for REE recycling, pyrometallurgical
applications at industrial scale are still limited. In 2011
Umicore and Rhodia developed the first industrial process
for processing Nickel Metal Hydride (NiMH) rechargeable
batteries. The developed process combines the
metallurgical experience gained by the Umicore group and
the REE refining competences of the Rhodia company. The
batteries are processed using the patented Ultra High
Temperature (UHT) smelting technology developed by
Umicore. The UHT furnace in Hoboken has an installed
capacity for treating 7,000 tons per year of Li-ion and NiMH
batteries, equals to around 250,000,000 mobile phone
batteries, 2,000,000 e-bike batteries and 35,000 electric-
vehicle batteries (Umicore, 2018). A metal alloy and a slag
are produced at the end of the smelting process: nickel is
collected in the Ni-Co-Cu-Fe alloy whereas REEs end up in
the slag phase together with oxides of calcium, aluminium,
silicon and iron. The rare earth-bearing slag is then refined
into rare earth materials at Rhodia’s plant in La Rochelle
(France) (Binnemans et al., 2013).

Over the years pyrometallurgy has confirmed to effectively
recover metals from WEEE. Although this technology offers
the advantage to treat any form of scraps (Ghosh et al.,
2015), it is characterized by some drawbacks. The main
environmental issue in pyrometallurgical processes is the
generation of hazardous gaseous emissions. Moreover, the
process requires high-energy supply which makes it
sustainable only for high grade materials. In this view,
mechanical treatments are needed as pre-treatment in
order to process metal enriched components (Tuncuk et
al., 2012; Zhang and Xu, 2016). Furthermore, aluminium
and iron cannot be directly recovered using this process, as
they are oxidized and collected in the slag phase. In
addition, the outputs from pyrometallurgical processes
need to be further refined through hydrometallurgical
and/or electrochemical techniques in order to obtain the
pure metal (Cui and Zhang, 2008; Tunsu et al., 2015).

3.3. Hydrometallurgy

Due to the several limits of pyrometallurgical applications,
hydrometallurgy has received increasing interest as
alternative route for the recovery of metals from WEEE.

MARRA et al.

Hydrometallurgy is more predictable and controllable than
pyrometallurgy; moreover, it is characterized by low
energy consumption and high recovery rates. No gaseous
emissions are generated but large amounts of liquid
effluents are produced as a result of the extraction
procedure which involves toxic, corrosive and flammable
reagents (Cui and Zhang, 2008; Tuncuk et al., 2012).

Hydrometallurgy generally includes a first leaching step,
aiming to extract the metals of interest transferring them
into the liquid solution, and a subsequent step directed to
the separation of the metals in the leaching solution using
techniques such as solvent extraction, precipitation and ion
exchange (Tunsu and Retegan, 2016). Before the leaching
step, a mechanical pre-treatment of the incoming WEEE is
commonly required in order to enable the liberation of
metals and their exposure to the lixiviant action as these
elements are generally found in WEEE encapsulated by or
covered with plastics or ceramics (Cui and Zhang, 2008; Sun
et al., 2015). After the separation of the leached metals, a
further refining process can be carried out via electro-
refining, crystallization or chemical reduction, so as to
obtain the pure recovered metal (Cui and Zhang, 2008).
Figure 4 reports a general flowchart of hydrometallurgical
processes for metal recovery from WEEE.

The leaching step assumes a key role in the
hydrometallurgical process as it determines the metal
transport from the solid matrix into the aqueous phase,
affecting the yield of the entire treatment (Zhang et al.,
2012). This step can be performed using acid or alkaline
solutions.

WEEE
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recipitaton agent

S0LID/UQUID FURTHER
DESORPTION OF

SEPARATION
METAL IONS

PROCESSING OR
DISPOSAL

Aqueous
solut

Precipitate

FURTHER

Figure 4. Flowchart of hydrometallurgical processes for WEEE
recycling (adapted from Tunsu and Retegan, 2016)

Mineral acids, such as hydrochloric acid (HCl), sulphuric
acid (H2S04) and nitric acid (HNOs), have been widely
investigated for the extraction of base metals, especially
copper, from PCBs. A strong oxidant, including H202, Oy,
Fe3* and Cly, is generally used in combination with
these acids so as to enhance the extraction o
metals (Tuncuk et al., 2012). Although the effectiveness of
nitric and hydrochloric acid in metal leaching
is well documented, these leaching agents are not suitable
for industrial applications due to their corrosive nature. In
comparison, sulphuric acid is less corrosive and less
toxic and, therefore, more applicable at industrial scale.
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Moreover, H2SO4 is a cheap reagent and it showed good
efficiency on base metal dissolution in presence of
hydrogen peroxide (Birloaga et al., 2014; Oh et al., 2003;
Yang et al., 2011). Organic acids (citric and oxalic acid) and
alkaline solutions (ammonium and sodium hydroxide) have
been used for the extraction of base metals as well
(Birloaga et al., 2014; Pant et al., 2012).
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Acid and alkaline solution have also been considered for
leaching rare earth elements from both primary and
secondary materials (Jha et al, 2016). In this
regard, hydrochloric, nitric and sulphuric acid are the
most used mineral acids in REE leaching (Tunsu et al.,
2015). Several literature studies on leaching
extraction of base metals and REEs from WEEE are included
in Table 1.

Table 1. Studies on leaching of base and rare earth metals from WEEE

Leaching agent Metal extracted (efficiency)

Operating conditions (T, S/L, chemical

concentration, stirring rate, leaching References

time)

Nitric acid Cu (95%) 80°C, 33% w/v, 6 M HNOs, 6 h Mecucci and Scott
(2002)
Nitric acid Cu (88.5-99.9%) 70°C, 6% w/v, 2-3 M HNO3, 2 h Bas et al. (2014)
Sulfuric acid Cu, Fe, Zn, Ni, Al (95%) 85°C, 1% w/v, 2 M H,504-0.2 M H,0,, Oh et al. (2003)
150 rpm, 12 h
Sulfuric acid Cu (95%) Ambient temperature, 10% w/v, 15% Yang et al. (2011)
wt H,SO4- 10 mL 30% H,0,, 3 h
Sulfuric acid Cu (76.12%-90%) 30°C, 10% w/v, 2 M H,S04-20 ml 30% Birloaga et al. (2013)
H,0,, 200 rpm, 3 h
Sulfuric acid REEs (80%) 20°C, 10% w/v, 2 M H,S04, 2 h Pietrelli et al. (2002)
Sulfuric acid Y (85%) 90°C, 20% w/v, 4 N H,S04, 3 h De Michelis et al.
(2011)
Table 2. Studies on leaching of precious metals from WEEE
Leaching agent Metal.e.xtracted Operating f:ondit'ior'ls (pH, T, S/L, c':hen'mical References
(efficiency) concentration, stirring rate, leaching time)
Cyanide Au (95%) pH >10, 25°C Quinet et al. (2005)
Cyanide Au (60-70%) pH 12.5, 25°C, 5% w/v, potassium cyanide at 6-8%, 2-4 h Petter et al. (2014)
Thiourea Ag (94%) pH 1, ambient temperature, 12.5% w/v, 10 g/L CS(NH,),, Ficeriov et al, (2008)
Au (97%) 500 rpm, 2 h
Thiourea ::ﬁ gg;‘); pH 1, 25°C, 24 g/L CS(NH,),, 2 h Jing-ying et al. (2012)
Thiourea Au (69%) pH 1.4, ambient temperature, 10% w/v, 20 g/L CS(NH>)>, Birloaga et al, (2013)
600 rpm, 3.5 h
Thiourea Au (3.2 mg/g) 45°C, 0.3% w/v, 0.5 M CS(NH,),, 150 rpm, 2 h Gurung et al. (2013)
Thiourea Ag (6.8 mg/g) 60°C, 2% w/Vv, 0.5 M CS(NH>),, 150 rpm, 2 h Gurung et al. (2013)
(Ammonium) Ag (100%) pH 10, 40°C, 0.5% w/v, 0.2 M (NH4),5,03, 250 rpm, 24 h Oh et al. (2003)
Thiosulfate Au (95%) (Ag) - 48 h (Au)
(Ammonium)
X Au (98%) pH 10, 25°C, 0.12 M (NH4),5,03, 200 rpm, 2 h Ha et al. (2010)
Thiosulfate
(Ammonium)
X Au (90%) pH 10, 25°C, 0.12 M (NH4),5,03, 200 rpm, 10 h Ha et al. (2010)
Thiosulfate
. 0,
(/:r:cr;irl]fl:tz) 25 gz;; pH 9, 40°C, 9% w/v, 0.5 M (NHa4)25:03, 500 rpm, 48 h Ficeriové et al. (2011)
(Sodium) Ag (3%) pH 9, 25°C, 5% w/v, 0.1 M Na,5,03, 4 h Petter et al. (2014)
Thiosulfate Au (15%)
Aqua regia Au (100%) 90°C, 50% w/v, 0.5 h Sheng and Etsell (2007)
Ag (7.2%)
Aqua regia Au (100%) 20°C, 2.5% w/v, 3 h Park and Fray (2009)

Pd (7.8%)
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For the extraction of precious metals from WEEE, cyanide,
thiourea, thiosulfate and halide are the leaching agents
mainly studied (Cui and Zhang, 2008) (Table 2).

Generally the leaching of precious metals is carried out
after the dissolution of base metals in order to improve the
efficiency of the extraction process and reduce the
impurities (Birloaga et al., 2013; Ghosh et al., 2015; Zhang
etal., 2012).

Cyanidation has been used in the mining industry of gold
for centuries due to its high efficiency and easily technical
application as it is based on a simple process. The
dissolution of gold is achieved through an electrochemical
process: gold dissolves in the alkaline cyanide solution and
forms gold cyanides as in the following equation (1) (Akcil
et al., 2015):

4Au+8CN™ +0, +2H,0 —4Au(CN), +40H" (1)
The process is pH dependent. Optimum rates are reached
at pH over 10.5 as in this condition “free cyanides” are
mainly present in solution in form of cyanide anion (CN").
Conversely at pH lower than 8.5, cyanide is present
as aqueous hydrogen cyanide (HCN) which is volatile (Akcil
et al., 2015). Cyanide complexes can be formed with
other precious metals as well, following this order of
activity: Au > Ag > Pd > Pt (Cui and Zhang, 2008). Moreover,
complexation can occur even with base metals. Thus, as
copper and other common metals contained in WEEE may
tie up cyanides making them no more available for gold
dissolution, a chemical pre-treatment aiming at dissolving
base metals is necessary. Same highlights can be even
extended to the other lixiviant agents involved in precious
metal dissolution (Akcil et al., 2015). However, the high
toxicity related to cyanide and its environmental pressure
have increased the interest for using
non-cyanide lixiviants, as thiourea, thiosulfate and halide.

Thiourea (CS(NH)2), even known as sulfurized urea, is an
organic complexing agent able to form soluble cationic
complexes with gold under acidic conditions (Cui and
Zhang, 2008; Zhang et al., 2012):

Au+2CS(NH, ), — Au(CS(NH, ),); +e (2)

Several research studies on thiourea leaching of precious
metal from WEEE have demonstrated its promising
application (Table 2) due to its faster kinetics and its lower
toxicity compared to cyanide (Akcil et al, 2015).
Conversely, thiourea has a very poor stability as it can be
easily decomposed, leading to a high consumption of the
reagent. In order to prevent thiourea decomposition, a
suitable oxidant needs to be selected for obtaining the
maximum oxidation of gold and the minimum oxidation of
thiourea (Zhang et al., 2012). Ferric ions have been proved
to be the most convenient oxidant (Birloaga et al., 2013).
The greater consumption of the reagent and its higher cost
make the process more expensive, hindering its application
at full scale. A further limitation is represented by the final
step of gold recovery which requires further developments
(Cui and Zhang, 2008; Zhang et al., 2012).

Thiosulfate (S:03*) has been investigated as cyanide
substitute for precious metal leaching from electronic
waste. Sodium and ammonium thiosulfate are the two
kinds of thiosulfate commonly used (Zhang et al., 2012).
The dissolution of gold in thiosulfate solution is an
electrochemical reaction which requires the presence of
ammonia and cupric ions in solution. Ammonia helps to
stabilize the system in order to prevent the decomposition
of thiosulfate whereas cupric ions act as a catalyst
enhancing the gold dissolution. In this conditions,
thiosulfate forms stable complexes with gold following the
equations (3) and (4) (Cui and Zhang, 2008).

Au+5S,02 +Cu(NH,)>"

(3)
— Au(S,0,); +4NH, +Cu(S,0,);
2Cu(S,03)+8NH, +1/20, +H,0

2 _ ) (4)
—2Cu(NH, ), +20H +65,0;

Thiosulfate is less toxic and less expensive compared to
cyanide. However, relatively low recovery rates and high
reagent consumption are the main drawbacks of the
process (Akcil et al., 2015).

Halide lixiviants include chloride, bromide and iodide
solutions. Although high leaching rates have been
reported, the use of these leaching agents is limited since
they require special stainless steel and rubber-line
equipment. Moreover, the formation of chlorine gases
needs to be controlled as they are highly poisonous (Cui
and Zhang, 2008). However, only chlorine has been
currently applied at industrial scale. The mixture of
hydrochloric acid and nitric acid in 3:1 ratio, known as aqua
regia, has been successfully used for the extraction of
precious metals from PCBs (Sheng and Etsell, 2007).

A critical comparison of the lixiviant agents used for
precious metal recovery from WEEE was given by Cui and
Zhang (2008). Considering the economic feasibility of the
leaching process as a result of factors such as leaching rate,
leaching kinetics, reagent cost and corrosive properties,
cyanide results the best leaching agent. The assessment is
overturned when the environmental impact due to the
lixiviant toxicity is considered. However, in this
investigation cyanide and thiourea got the same final
results, although thiourea leaching is still at low research
levels.

The leaching process is influenced by several factors,
including type of leaching agent and its concentration, pH,
temperature, leaching time, stirring rate, ratio between the
amount of solid and the leaching solution (S/L), size of solid
particles and their mineral phase (Tunsu and Retegan,
2016).

Temperature is recognised to have a positive effect on
kinetic reaction making it faster. However, the oxidative
leaching has been successfully applied also at room
temperature as an increasing in temperature
resulted in the degradation of hydrogen peroxide in
water and oxygen (Birloaga et al., 2014; Yang et al., 2011).
Similarly, high temperature (above 40°C) led to the
decomposition of thiourea (Birloaga et al, 2013).
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Besides the effect of the leaching agents, temperature
affects the dissolution of the chemical elements as
well. For instance, elevated temperature decreased the
solubility of rare earths in sulphuric acid solution
leading to their precipitation (Tunsu et al, 2015).
Ambient temperature is, moreover, desirable for economic
aspects.

Regarding the stirring rate, a degradation of the oxidant
was reported when the leaching process is carried
out at high stirring rates. Thus, the oxidative leaching must
be performed either without shaking or
at low stirring rates. Conversely, higher shaking rates were
necessary for acidic-thiourea leaching as the process
depends on a strong mixing (Birloaga et al., 2013).

Optimum leaching conditions generally require smaller
particle size as this ensure the exposure of larger
metallic areas to the leaching agents (Birloaga et al., 2013).

The choice of the leaching agent influences not only
the effectiveness of the extraction phase but also the
technical feasibility of the separation step. For instance, an
acidic lixiviant can foster the dissolution of
many metallic species but the presence of a wide
range of chemical complexes in solution as well as the
presence of leached co-extractable compounds or
unwanted precipitates can challenge the further
separation of metal ions (Tunsu and Retegan, 2016).

Solvent extraction, ion exchange,
precipitation/cementation are the common methods used
for the separation of metal ions from leached solutions
(Tuncuk et al., 2012).

Solvent extraction has been investigated for the selective
recovery of copper from PCBs (Alam et al., 2007,
Kinoshita et al., 2003; Lee et al., 2017; Yang et al., 2012).
Studies focused on the recovery of precious metals
from PCBs by means of cementation have been reported
(Alam et al., 2007; Kamberovi¢ et al., 2009; Quinet et al.,
2005). Solvent extraction and precipitation have also
been used for recovering REEs from products containing
phosphors, permanent magnets and batteries (Jha et al,,
2016; Tunsu and Retegan, 2016; Tunsu et al., 2015).

Solvent extraction and ion exchange are methods
preferred in presence of solutions containing
many impurities whereas precipitation, cheaper
and simpler, is feasible when co-precipitation is minimal.
Compared to ion exchange, the solvent extraction is
industrially preferable for the large range of extractant
commercially available and the opportunity to
have sequential extraction stages. lon exchange can
provide high product purity (>99.9%) but it can be
used for small feed owing to its high costs and the difficult
to process large volume in a short time. However,
due to the complex nature of WEEE including
various substances, a combination of different
extraction methods is in most cases required (Tunsu and
Retegan, 2016).

Compared to the recovery of base metals, the
hydrometallurgical recovery of precious metals and rare
earth elements appears more attractive, due to their price,

scarcity, low availability and high demand. However,
despite the numerous studies carried out on
hydrometallurgical processes for metal recovery from
WEEE, their industrial application is still limited, especially
with reference to critical metals. Moreover, in this
field the information retrieval is hindered by competition
as well as trade secrets. At full scale, hydrometallurgical
treatments are currently integrated with pyrometallurgical
or electrometallurgical processes such as at Hoboken plant
(Umicore) and at La Rochelle plant (Rhodia) (Binnemans et
al.,, 2013).

3.4. Biometallurgy

The environmental burdens related to both
pyrometallurgical and hydrometallurgical processes have
set the need for developing eco-friendly techniques for
metal recovery from secondary materials. For this reason,
great attention has been directed in the last years toward
a low cost and minor impact technology named
biometallurgy (Cui and Zhang, 2008; Das, 2010; Ilyas et al.,
2010; Pant et al., 2012; Tuncuk et al., 2012).

Bioleaching and biosorption are the two main areas of
biometallurgy (Cui and Zhang, 2008).

Bioleaching is a mature technique applied in mining
industry for metal extraction from mineral sulphides and
oxides, exploiting the capacity of some microorganism to
solubilise metals as a result of bacterially assisted
reactions. The first application dates back to the 1950s with
regard to the extraction of copper but after the mid-1980s
it has been extended also to other metals as gold (Brierley
and Brierley, 2001). The extraction of these metals form
mineral ores is performed at industrial scale piling the
material and sprinkling the leaching water in it. Basically,
three main procedures are used, consisting of dump
leaching, heap leaching and underground or in situ
leaching. The use of tank leaching has been tested as well
(Bosecker, 1997).

Besides mineral ores, the ability of some microorganisms
to enhance the mobilization and the dissolution of metals
contained in solid matrices into their soluble form has been
proved to be effective even for secondary sources as
electronic waste (Beolchini et al., 2012). However, the
bioleaching processes for metal recovery from WEEE are
still at their infancy stage of development as electronic
waste presents a form physically and chemically different
from other solid waste. The literature studies available on
WEEE bioleaching are currently limited (llyas and Lee,
2014) and mainly restricted at bench scale applications
with only few attempts on column bioreactor at laboratory
scale (Chen et al., 2015; llyas et al., 2010; Lee and Pandey,
2012).

WEEE bioleaching studies have been mostly focused on
PCBs using autotrophic and heterotrophic microbes
belonging to bacterial and fungal strains. The major
microbes investigated include iron and sulfur-oxidizing
chemolithotrophic acidophiles such as Acidithiobacillus
and Leptospirullum, heterotrophs such as
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Chromobacterium and Pseudomonas, and fungi such as
Aspergillus and Penicillium (Table 3).

Bioleaching processes for metal recovery from e-waste
have been mainly targeted on the extraction of base metals
as well as precious metals. Both autotrophic bacteria and
heterotrophic microorganisms have been also used for REE
leaching from native minerals (Brisson
et al., 2016; Desouky et al., 2016; lbrahim and El-Sheikh,
2011; Shin et al., 2015); however, only a limited number of
studies is currently available on REE leaching from
secondary sources (Beolchini et al., 2012; Muravyov et al.,
2015; Qu and Lian, 2013) including electronic waste
(Beolchini et al.,, 2012; Marra et al., 2018b; Reed et al.,
2016). Notwithstanding, the REE microbe-interaction is not
well understood (Barmettler et al., 2016).

The mechanism which governs the bioleaching process is
still debated. In principle bioleaching can involve two
dissolution mechanisms: direct bioleaching and indirect
bioleaching. The former mechanism is based on the direct
action of the bacteria that oxidize enzymatically the metal
sulphide in sulphate via the intimate contact with the
mineral surface. The latter mechanism provides the
oxidation of metals through leaching agents biologically
produced (Bosecker, 1997). Nevertheless, Sand et al.
(2001) limited the bioleaching model only to the indirect
mechanism proposing a pathways based on the production
of sulphur intermediates, namely thiosulfate and
polysulfide.

However, the bioleaching-based principles are recognised
to be essentially attributed to: (i) oxidation-reduction
reactions, (ii) production of organic and inorganic acids, (iii)
excretion of microbial metabolites, chelators and
complexing  agents. Redoxolysis, acidolysis and
complexolysis mechanisms are therefore responsible of
metal bioleaching (Brandl, 2001; Priya and Hait, 2017) and
can occur even simultaneously (llyas and Lee, 2014).

During  bioleaching  processes  oxidation-reduction
reactions take place. These reactions are catalysed by
bacteria including iron-oxidizing strains which are able to
oxidize ferrous iron (Fe?*) in ferric iron (Fe®*). Ferricion is a
powerful oxidizing agent (En=0.77 V) that can attack metals,
generally contained in the electronic waste in zero-valent
form, converting them into their soluble form. Once metals
are chemically oxidized, Fe3* is again reduced to Fe?*. Then
the generated Fe?' is re-oxidizes in Fe3* by bacteria in a
continuous cycle following the reactions reported below
(Bosecker, 1997):

Bacteria

2Fe*" +0.50, +2H" —2*" 32Fe® +H,0 (5)
Fe +M° —>Fe® + M (6)

where: M? stands for metal.

The biogenic production of inorganic as well as organic
acids contributes to the leaching of metals from WEEE. For
instance, microorganisms as sulphur-oxidizing ones are
able to produce sulfuric acid by the oxidation of elemental
sulphur (S°) providing protons for the hydrolytic attach of
metals (Bosecker, 1997):
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Bacteria

S° +1.50, +H,0—2" 524" +S0O;" (7)
M’ +H,50, +0.50, —M* +S0; +H,0 (8)

where: M° stands for metal.

Besides inorganic acids, the dissolution of metals can be
moreover assisted by organic acids, such as acetic, citric
and oxalic acid produced by some heterotrophic bacteria
and fungi. In this condition, both a mechanism of acidolysis
and complexolysis can take place as some of these acids
have chelating properties which lead to the formation of
metallic complexes with the metals contained in the solid
matrix (llyas and Lee, 2014).

Complexolysis is the general leaching mechanism that
involves also the microbial metabolites excreted by some
microbes. Bacteria strains as Chromobacterium violaceum
and Pseudomonas fluorescent were found to solubilize gold
from PCBs due to the secretion of biogenic cyanides
forming complexes as follow (Priya and Hait, 2017):

4Au+8CN™ +0, +H,0—=“">4Au(CN), +40H (9)

Complexation can take place in presence of rare earth
cations (RE203) and organic acids as well. For instance,
oxalic acid fully dissociated in solution (equations 10-11)
can form rare earths oxalate complexes as reported in
equations 12-13 (Hassanien et al., 2013).

C,H,0, —(C,HO,)" +H" (10)
C,H,0, >(C,0,)" +2H" (11)
3(C,HO,)" +RE,0, —RE(C,HO,), (12)
3(C,0,)" +RE,0, —RE(C,0,), (13)

A bioleaching process is affected by various biotic factors
as well as abiotic ones (Priya and Hait, 2017).

Biotic factors include type of microorganisms, inoculum
size, maximum metal tolerance and adaptability of
microbes to the e-waste toxicity (llyas and Lee, 2014;
Priya and Hait, 2017). The most investigated group
of bacteria in metal leaching from e-waste is represented
by chemolithoautotrophic acidophilic bacteria, including
Acidithiobacillus ferrooxidans, Acidithiobacillus thiooxidans
and Leptospirillum ferroxidans. These microbes derive
energy from oxidation of ferrous iron and reduced sulphur
compounds. Besides autotrophic  microorganisms,
heterotrophs are exploited as well.
They use organic carbon as energy source producing
metabolites and organic acids able to leach out metals. The
most used heterotrophic bacteria in WEEE bioleaching are
Chromobacterium violaceum, Pseudomonas fluorescens
and Pseudomonas aeruginosa, also known as cyanogenic
bacteria whereas Aspergillus niger and Penicillium
simplicissimum are the fungi
mostly investigated (llyas and Lee, 2014; Priya and Hait,
2017). Compared to autotrophs, heterotrophic
microorganisms can tolerate high pH conditions
created by the alkaline nature of electronic waste and their
ability of chelating metals represents an important
advantage as the metal toxicity is reduced in solution by
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the formation of metal complexes (Burgstaller and
Schinner, 1993). As greater amount of microorganisms
involves faster leaching of metals, the size of inoculum was
found to positively affect the leaching process (Yang et al.,
2009) as well as the use of mixed cultures, instead of pure
ones, that have been proved to have synergic effects
resulting in more effective leaching rates (Brandl
et al, 2001; llyas et al, 2007; sidar et al, 2016).
Table 3. Bioleaching studies for metal recovery from WEEE

Moreover, a pre-growth strategy consisting in
microorganism cultivation in absence of electronic waste
demonstrated a more efficient metal mobilization due to
the reduction of the toxic effects of the waste material for
the microbes (Brandl et al, 2001; Isildar et al, 2016).
Conversely, a prolonged time of adaptation is needed
(Brandl et al., 2001; llyas et al., 2007).

Microrganisms

Metal extracted (efficiency)

Leaching time

References

A. ferrooxidans + A.
thiooxidans

Al, Cu, Ni, Zn (90%) 10 d

Brandl et al. (2001)

S.thermosulfidooxidans +

Al (79%), Cu (89%), Ni (81%),

18d llyas et al. (2007
acidophilic isolate Zn (83%) v ( )
A. ferrooxidans Cu (100%) 4d Yang et al. (2009)
A. ferrooxidans + A.
f o Cu (90%) 10d Liang et al. (2010)
thiooxidans
Mixed Acidophilic bacteria Al (88.2%), Cu (96.8%), Zn
1.8-4d Zhu et al. (2011)
(91.6%)
A. ferrooxidans + L.
ferrooxidans + A. Cu (89%) 4.8d Bas et al. (2013)
Autotrophic thiooxidans
microbes A. ferrooxidans Cu (100%) Ni (100%) 20d Arshadi and Mousavi (2014)
A. ferrooxidans Al (75.4%), Cu (96.8%), Zn
f (75.4%), Cu (96.8%) 3d Yang et al. (2014)
(83.8%)
A. ferrooxidans + A. Al (20%), Cu (100%), Ni
Jerrooxic (20%), Cu (100%), Ni 284 Mrazikova et al. (2015)
thiooxidans (92%), Zn (89%)
A. ferrooxidans + A.
f . Cu (98%) 7d Isildar et al. (2016)
thiooxidans
A. ferrooxidans + A.
thiooxidans + L. Y (70%) 16d Beolchini et al. (2012)
ferrooxidans
A. thiooxidans Ce, Eu, Nd (>99%), La, Y
8d Marra et al. (2018b)
(80%)
Cu (30%), Al (60%), Ni
Penicillium simplicissimum u (30%), Al (60%), Ni 21d Brandl et al. (2001)
(100%), Zn (100%)
Apergillus niger Cu (65%) 21d Brandl et al. (2001)
C. violaceum Au (14.9%) 7d Faramarzi et al. (2004)
C. violaceum Au (11.5%) 7d Pham and Ting (2009)
Heterotrophic -
crob P. fluorescens Au (10.5%) 7d Pham and Ting (2009)
microbes
C. violaceum Au (69%) 7d Pradhan and Kumar (2012)
C. violaceum + P. aeruginosa Au (73%) 7d Pradhan and Kumar (2012)
C. violaceum Au (11.3%) 8d Natarajan and Ting (2015)
P. putida Au (44%) 2d Isildar et al. (2016)
P. putida Au (48%) 3h Marra et al. (2018b)

Abiotic factors influencing metal bioleaching consist of pH,
temperature, particle size of the solid matrix, leaching
time, aeration or stirring rate and composition of
leaching media (llyas et al., 2007; Wang et al., 2009). Metal
leaching has been proved to be highly sensitive to pH (Yang
et al., 2009). pH represents a fundamental parameter as it
regulates the condition for optimum microorganism
growth as well as for chemical metal solubilisation
(Bosecker, 1997). Same consideration can be ascribed to
temperature which is crucial for both microbial growth and
metal dissolution. Microbes exploited in bioleaching
processes belong mainly to mesophilic and thermophilic
class: the formers act at temperature ranging between 25-

30°C whereas the last mobilize metals at optimum
temperature of 40-45°C (llyas et al., 2007). However, a
recent investigation demonstrated the feasibility of
leaching copper even at room temperature using a mixed
culture of
A. ferrooxidans and A. thiooxidans (Isildar et al., 2016).

The characteristics of the source material affect the
process as well. The size of solid particles influences the
leaching process as it determines the material surface
exposure to the leaching attack (Sun et al, 2015).
Efficient metal leaching has been achieved using
particle size ranging between 40-200 um (llyas et al., 2007;
Priya and Hait, 2017; Yang et al., 2009). The toxic nature of



690

e-waste imposes the amount of solid in the pulp: a pulp
density above 1-2% w/v generally resulted in
the inhibition of the microbial growth (Beolchini et al.,
2012; Marra et al, 2018b; Priya and Hait, 2017).
Moreover, washing the solid material prior to bioleaching
experiments in order to remove the non-metallic
components could enhance the bioleaching performances
(llyas et al., 2007).

Compared to chemical processes, bioleaching is recognised
to require longer operation time. However, bioleaching
processes exploiting cyanogenic bacteria were relatively
faster than processes involving acidophiles (Table 3).

The bioleaching experiment needs to be carried out at
shaking conditions providing enough aeration for
microorganisms without producing friction and abrasion
conditions due to an excessive agitation (Priya and Hait,
2017). Optimum stirring rate ranged between 120-175 rpm
(Beolchini et al., 2012; llyas et al., 2007; Yang et al., 2009).

The rate of bioleaching is, moreover, affected by the
composition of the leaching media in terms of nutrients
supporting the microbial growth. The concentration of Fe?*
as well as S° influences the activity of autotrophic
microorganisms (llyas et al., 2007; Yang et al., 2009; Zhu et
al., 2011) due to its relevant role in bioleaching processes
whereas the concentration of organic compounds
regulates the growth of heterotrophs as for glycine with
reference to cyanogenic bacteria (Isildar et al., 2016).

In the field of biometallurgy, biosorption is the technique
used to recover the leached metal ions from the solution.
Biosorption is based on the ability of living as well as death
biomass, including algae, fungi, yeast and bacteria, to bind
the metal species present in solution. This process has been
efficiently used for the removal and/or the recovery of
metals from liquid effluents (Andres et al., 2003; Das, 2010;
Vijayaraghavan and Yun, 2008; Wang and Chen, 2009).

The biosorption mechanisms can be based on physical
mechanisms, including electrostatic forces and ion
exchange, and chemical mechanisms, such as
complexation, chelation, microprecipitation, and microbial
reduction (bioreduction), or a combination of them (Cui
and Zhang, 2008).

Several biosorbents prepared from natural or waste
biomass have been tested for metal recovery from WEEE.
The recovery of precious metals from electronic waste has
been investigated using bacteria (Creamer et al., 2006;
Sheel and Pant, 2018) or biomass, such as eicchornia root,
waste tea powder, persimmon tannin, chitosan (Bhat
et al., 2012; Cortes et al, 2015; Gurung et al., 2013).
Studies on the recovery of REEs from WEEE by means of
biosorption processes exploiting algae have also been
reported (Kucuker et al., 2017).

Biometallurgical processes offer several advantages
related to low capital costs, less environmental impacts
and less energy consumption in comparison to
conventional metallurgical technologies (Priya and Hait,
2017). Conversely, biometallurgy provides slow treatment
kinetics resulting in a time consuming process (Pant et al.,
2012). However, the application of biometallurgical
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technologies is of relevant interest especially for low grade
material recovery. For instance, as REEs are contained in
electronic waste at trace concentrations the recovery of
these elements through biometallurgical approaches
appears economically  sustainable compared to
conventional treatments (Beolchini et al., 2012).

Although some investigations have demonstrated the
feasibility of biometallurgy in recovering metals from
electronic waste, most of the applications are still at
laboratory scale (Zhang and Xu, 2016) and the potential of
metal recovery from WEEE through biometallurgical
processes is yet to be fully explored (llyas and Lee, 2014),
especially with reference to rare earth elements
(Barmettler et al., 2016).

4. Future perspectives

The management of WEEE is a matter of great interest due
to its increasing production rate and the handling issues
related to its hazardous as well as valuable components.

Although the benefits of WEEE recycling are
well-recognized, the effective recovery of materials from
electronic waste is still challenged by technical,
environmental, economic, social and cultural aspects:

— The heterogeneity and complexity of WEEE, the
presence of hazardous substances and the low
concentrations of critical materials pose technical
obstacles for its recycling. Moreover, the component
design and assembly often hinder its processing as for
HDDs, in which the magnet, strongly glued to the bulk
of the entire product, is hard to be separated (Tunsu
and Retegan, 2016). In this regard, much room for
improvements could be provided by eco-design
strategies, addressing the design of the electronic
device for its easier recycling (Ardente et al., 2014).

— Significant material losses are reported through the
entire recycling chain owing to a poor waste collection
and inadequate technical capacities of recycling
infrastructures. At this point, the awareness of
consumers can significantly contribute for an effective
WEEE collection whereas progress in technologies
should be directed towards the optimization of the
current technologies and the development of
integrated and advanced treatments to increase the
recycling yields and extend the variety of metals that
are effectively recycled (Hageltiken, 2012). Moreover,
at this stage the development of environmentally
friendly technologies is mandatory.

— Besides the technical feasibility, in recycling strategies
the economic feasibility is also crucial. In this regard,
the recycling should look at the market prices of the
recovered materials that can fluctuate over time,
especially for critical raw materials (Toffolet, 2016).

— For pursuing and promoting good recycling practices,
virtuous cooperation and coordination among the
stakeholders involved into the WEEE management
system are fundamental as well as the role of
regulations and policies, especially for limiting the
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amount of WEEE that is still illegally exported and
managed by the informal sector (Tanskanen, 2013).

An integration of social, cultural, economic, environmental
and technical aspects is, thus, a fundamental prerogative
for developing an effective and sustainable management of
WEEE.
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