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GENERAL ACRONYMS AND DEFINITIONS
CRM

critical raw materials

(W)EEE

(waste) electrical and electronic equipment

ELV

end-of-life vehicles

LCD

liquid crystal display

LED

light emitting diode

PCB, PWB printed circuit board, printed wiring board
PGM

platinum group metals

Acronyms of chemical elements used in the text:
Be

beryllium

Co

cobalt

Ga

gallium

Ge

germanium

In

indium

Mg

magnesium

Pd

palladium

Sb

antimony

Sc

scandium

Ta

tantalum

Va

vanadium

W

tungsten

HREE

heavy rare earth elements

Dy

dysprosium

Gd

gadolynium

Lu

lutetium

Tb

terbium

Y

yttrium

LREE

light rare earth elements
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Ce

cerium

Eu

europium

La

lanthanum

Nd

neodymium

Pr

praseodymium
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INTRODUCTION
Precious metals including platinum group metals (PGM), copper can be recycled
from WEEE, ELV and batteries with high recycling rates in a quality equal to that of
primary resources in the established treatment routes. The situation is similar, even
though with some reservations, for iron and aluminum, tin, lead, and, depending on
the processing route, for nickel, bismuth, antimony and other metals. For CRMs other
than PGMs and bismuth, this report wants to give insights into contents and
concentrations of critical raw materials (CRM) in waste electrical and electronic
equipment (WEEE), end-of-life vehicles (ELV) and in batteries. The report also shows
current treatment technologies for the recycling of CRMs and other metals from
WEEE, ELV and batteries, as well as examples for the cost situation for CRM
recycling. This shall help to substantiate the discussions about recycling of CRMs.
A crucial precondition for successful recycling is the separate collection of WEEE,
batteries as well as the electrical and electronic parts from ELV. Low collection rates
crucially reduce recycling rates also for those metals – CRM and others – which can
be well recycled in the established treatment routes. Since increasing recycling rates
requires different approaches and targets different stakeholders – mainly end
consumers and municipalities – the collection aspect has not been explicitly
elaborated in this document.
The data presented were collected from literature and recent research projects.
These data are unavoidably impacted by uncertainties due to the underlying
complexity of the matter and despite of due diligence in their collection and
processing. The authors can therefore not guarantee the correctness of the data and
information presented.

MAIN WEEE, ELV AND BATTERIES WITH CRM CONTENTS
Nowadays WEEE, electrical and electronic parts in ELV and batteries are composed
of a wide range of elements including CRMs that play a crucial role in the correct and
efficient performance of the devices, with different quantities and materials
concentrations depending on the expected application of the item components.
In 2017, the European Commission updated the 2014 list of Critical Raw Materials for
the EU resulting providing a total of 27 critical materials of concern. These materials
are considered essential for the EU since manifest high risk of supply shortage and
exert a higher economical impact compared to other raw materials. In particular:


China is the first and most influential country concerning worldwide supply of
some of the most relevant CRM (RREs, magnesium, tungsten, antimony,
gallium, germanium, etc.);
This project has received funding from the European Union’s Horizon 2020 research
and innovation programme under grant agreement No 730227
SCRREEN D8.1| Prevalence, recyclability, cost and financing of CRM
recycling from WEEE|Rev.0|

5




Brazil and USA dominate the CRMs supply sector for niobium and for
beryllium and helium respectively;
Russia concentrates the production of metals such as palladium, while South
Africa concentrated the production of iridium, platinum, rhodium and
ruthenium. This highlights the risks related to poor replacement and low
recycling rate linked to this excessive concentration.

In order to address the growing concern of securing valuable raw materials for the
EU economy, it is crucial to establish a righteous value chain able to recycle these
materials and limiting the mining of primary resources. Considering this goal, a deep
understanding of the presence of said CRM in WEEE, ELV and batteries is essential
so that targeted actions can be put into practice.

MAIN (W)EEE WITH CRM
Although several CRMs have a high technical and real economic recycling potential,
the recycling input rate of CRMs is generally low. There are several factors that are
influencing the rate of the CRMs recycling: from a lack of cost competitive sorting and
recycling technologies to a largely insufficient contribution from recycling to meet the
market demand. Another factor worth considering is the accessibility of CRMs in
products: since many of the critical materials are present at trace levels in WEEE, the
dilution effects strongly limits the recyclability and the economic balance of the
industrial processes. Therefore, focused actions shall be conducted to separate the
targeted recycling processes.
The following table1 provides synthetic information about the presence of CRM in
some of the most common WEEE and their components.

1

Recycling critical raw materials from waste electronic equipment, Öko_Institut
e.V.(2012) - https://www.oeko.de/oekodoc/1375/2012-010-en.pdf
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Table 1:Overview of CRM in WEEE and related batteries

Component

Printed Wiring
Boards

WEEE

Indium

Palladium
(PGM)

PC & Notebooks

X

TV

X

Notebook

X

Smartphones

X

REEs

Gallium

X

Smartphones

Display

(PGM)

X

Batteries (Li-ion) Notebook

Hard Disk

Platinum

X

PC & Notebooks

Speakers

Cobalt

X

Notebook

X

Smartphones

X

Notebook

X

PC & Notebooks X

X

X

TV

X

X

X

Notebook

X

X

X

Source: Oeko-Institut 2012
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Table 2 and Table 3 give an overview of quantitative CRM contents and
concentrations in WEEE. The table lists the three products and components with the
highest CRM contents in descending order for various CRM. For confidentiality
issues related to the underlying data, the contents are indicated as sum of contents
of the three types of WEEE with highest contents. The concentrations are the
average concentrations in the three types of WEEE with the highest CRM
concentrations. The components listed are those with the highest contents and
concentrations respectively in descending order.
Table 2: Top 3 WEEE with highest CRM contents and concentrations (in descending order,
part I)

Source: ProSUM-project (http://www.prosumproject.eu)
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Table 3: Top 3 WEEE with highest CRM contents/concentrations (in descending order, part II)

Source: ProSUM-project (http://www.prosumproject.eu)
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The above tables show that a multitude of CRMs is used in WEEE. The absolute
contents of most of the CRMS in the individual products is very low with a few
exemptions, which are cobalt, magnesium, palladium, dysprosium, gadolinium,
neodymium, praseodymium, antimony, tantalum and tungsten. It must, however, be
taken into account that the above total contents are not the amount of a CRM in an
individual product, but the summed up amounts from the three products with the
highest contents.
The CRM concentrations, which are crucial for recyclers, are far below 1 % in the
WEEE for all CRMs besides magnesium and antimony. Such concentrations are in
most cases far too low to attract recycler. As a consequence, the WEEE has to be
dismantled to separate the components containing the CRMs in order to increase the
concentration.
To give an overview on the products containing CRMs, Table 4 illustrates which
types of WEEE have highest, second and third highest contents and concentrations
of WEEE. The WEEE is grouped according to the six categories of EEE in Annex I of
the WEEE Directive since the WEEE is normally collected in these categories in the
EU member states. The six categories are the following:
1. Temperature exchange equipment
2. Screens, monitors, and equipment containing screens having a surface
greater than 100 cm2
3. Lamps
4. Large equipment (any external dimension more than 50 cm) including, but not
limited to:
Household appliances; IT and telecommunication equipment; consumer
equipment; luminaires; equipment reproducing sound or images, musical
equipment; electrical and electronic tools; toys, leisure and sports equipment;
medical devices; monitoring and control instruments; automatic dispensers;
equipment for the generation of electric currents. This category does not
include equipment included in categories 1 to 3.
5. Small equipment (no external dimension more than 50 cm) including, but not
limited to:
Household appliances; consumer equipment; luminaires; equipment
reproducing sound or images, musical equipment; electrical and electronic
tools; toys, leisure and sports equipment; medical devices; monitoring and
control instruments; automatic dispensers; equipment for the generation of
electric currents. This category does not include equipment included in
categories 1 to 3 and 6.
6. Small IT and telecommunication equipment (no external dimension more than
50 cm)
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Table 4: Three highest CRM contents/concentrations (grey fields) in WEEE of Categories I - III
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Source: ProSUM-project (http://www.prosumproject.eu)

Table 5: Highest, second and third highest CRM contents (white fields) and concentrations
(grey field) in WEEE of Categories IV -VI

Source: ProSUM-project (http://www.prosumproject.eu)
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MAIN ELV COMPONENTS WITH CRM
The end-of-life vehicles (ELVs) became a global concern because the automobiles
became popular globally. Automotive industry is one of the most resource-consuming
sectors of the industrial production. This means that its products have both a high
content of valuable materials, and an embedded energetic content, especially in
plastics and rubbers. In consequence, the ELVs are particularly valuable waste
stream, with amount of about 8 million tons per year in Europe, which needs to be
properly managed. The efficient management of this kind of waste is thus of great
importance in Europe and other countries, especially taking into account
environmental, economic and technological points of view. Consequently, the EU
Directive 2000/53/EC sets strict goals aimed at prevention from waste generation and
promotion of the reuse, recycling and recycling of materials from ELVs. Based on this
regulations it was assumed that from 2015 the total mass percentage of materials
reused and recovered with respect to the average weight of car has to be equal to 95
%. However, the compliance with these recycling goals is challenged by such main
factors as the changing material composition of cars and the thermodynamic limits of
material production and recycling.
Considering the ELVs content, they include the following critical raw materials Cr, Nb,
Pt, Co, Pd, Ga, In, Ge, Sb, Si and such rare earth elements (REEs) as Ce, Dy, Er,
Eu, Gd, La, Nd, Pr, Sm, Tb, Yb, Y, as shown in Table 6.
REEs have recently received much attention regarding reliability of their supply. The
commercial significance of REEs is not reflected in the volume in which they are
used. REEs are important because they provide critical functionality in a wide variety
of applications and are used in relatively large amounts in key technologies being
developed to provide sustainable mobility and energy supply.
Table 6: Highest, second and third highest CRM contents and concentrations in ELV

Ce
Content (mg)

Concentrations (mg/kg)

Content
(mg)

Product with
highest
contents

Components Concentration
with highest
contents

Products

Components

12,910
mg

Engine
system,
Exterior
Lighting

Elastomers,
LED, Zinc
Alloys

PHEV (plugin hybrid
electric
vehicle)
NiMH

unspecified

(CLM)

1,570mg/kg
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11,830
mg

Engine
system,
Exterior
Lighting,
Steering

Particulate
Filters, LED,
Zinc Alloys

40 mg/kg

ICEV
(Internal
Combustion
Engine
Vehicle)

unspecified

Elastomers,
LED, Zinc
Alloys

30 mg/kg

PHEV (plugin hybrid
electric
vehicle)
Li:ion

unspecified

(CMH HS)
310 mg

Engine
Cooling & Air
Induction,
Exterior
Lighting,
Steering
(CMH MS)

Dy
Content (mg)

Concentrations (mg/kg)

Content
(mg)

Product with
highest
contents

Components Concentration
with highest
contents

Products

Components

129,660
mg

Climate
System, High
Voltage
Power
Supply,
Transmission

Magnets

140 mg/kg

BEZ (battery
electric
vehicle)

unspecified

Magnets

120 mg/kg

PHEV (plugin hybrid
electric
vehicle)
NiMH

unspecified

Magnets

120 mg/kg

PHEV (plugin hybrid
electric
vehicle)
Li:ion

unspecified

(CMH MS)
27,140
mg

Infotainment,
Seating,
Steering
(CMH HS)

1,960 mg

Climate
System,
Infotainment,
Safety
Electronics
(CLM MS)

Er
Content (mg)

Concentrations (mg/kg)
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Content
(mg)

Product with
highest
contents

Components Concentration Products
with highest
contents

Components

180 mg

Infotainment

LCD

0.137 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
Li:ion

unspecified

LCD

0.133 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
NiMH

unspecified

LCD

0.113 mg/kg

BEZ
(battery
electric
vehicle)

unspecified

(CML)

180 mg

Infotainment
(CMH HS)

180 mg

Infotainment
(CMH MS)

Eu
Content (mg)

Concentrations (mg/kg)

Content
(mg)

Product with
highest
contents

Components Concentration Products
with highest
contents

< 10 mg

Exterior
Lighting

LED

0.196 mg/kg

ICEV
unspecified
(Internal
Combustion
Engine
Vehicle)

LED

0.196 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
NiMH

unspecified

LED

0.175 mg/kg

PHEV
(plug-in
hybrid
electric

unspecified

(CML)

<10 mg

Exterior
Lighting
(CMH HS)

<10 mg

Exterior
Lighting,
Transmission
(CMH MS)

Components
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vehicle)
Li:ion
Gd
Content (mg)

Concentrations (mg/kg)

Content
(mg)

Product with
highest
contents

Components Concentration Products
with highest
contents

<10 mg

Brake
System,
Exterior
Lighting

Aluminum
Alloys, LED

0.153 mg/kg

ICEV
unspecified
(Internal
Combustion
Engine
Vehicle)

Aluminum
Alloys, LED

0.125 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
NiMH

unspecified

Aluminum
Alloys, LED

0.129 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
Li:ion

unspecified

(CML)
<10 mg

Brake
System,
Exterior
Lighting
(CMH HS)

<10 mg

Brake
System,
Exterior
Lighting
(CMH MS)

Components

La
Content (mg)

Concentrations (mg/kg)

Content
(mg)

Product with
highest
contents

Components Concentration Products
with highest
contents

Components

6,680 mg

Engine
System, Fuel
System

Magnets,
Particulate
Filters, Zinc
Alloys

unspecified

(CMH MS)

10,770 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
NiMH
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5,220 mg

Engine
System,
Steering

Magnets,
Particulate
Filters

5 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
Li:ion

unspecified

Ceramics,
Magnets,
Zinc Alloys

4 mg/kg

BEZ
(battery
electric
vehicle)

unspecified

(CML)

70 mg

Brake
System,
Exterior
Lighting
(CMH HS)

Nd
Content (mg)

Concentrations (mg/kg)

Content
(mg)

Product with
highest
contents

Components Concentration Products
with highest
contents

Components

531,880
mg

Climate
System, High
Voltage
Power
Supply,
Transmission

Magnets,
PCB’s

1,947 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
NiMH

unspecified

Magnets,
PCB’s

471 mg/kg

BEZ
(battery
electric
vehicle)

unspecified

Magnets,
PCB’s

422 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
Li:ion

unspecified

(CMH MS)
205,680
mg

Climate
System,
Infotainment,
Seating,
Steering
(CMH HS)

43,380
mg

Climate
System,
Steering
(CML)

Pr
Content (mg)

Concentrations (mg/kg)

This project has received funding from the European Union’s Horizon 2020 research
and innovation programme under grant agreement No 730227
SCRREEN D8.1| Prevalence, recyclability, cost and financing of CRM
recycling from WEEE|Rev.0|

17

Content
(mg)

Product with
highest
contents

Components Concentration Products
with highest
contents

Components

5,550 mg

Climate
System,
Seating

Ceramics,
Magnets

1,576 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
NiMH

unspecified

Ceramics,
Magnets

62 mg/kg

BEZ
(battery
electric
vehicle)

unspecified

Magrnets

39 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
Li:ion

unspecified

(CMH HS)

4,010 mg

Climate
System,
Seating
(CMH MS)

2,470 mg

Climate
System,
Safety
Electronics
(CLM MS)

Sm
Content (mg)

Concentrations (mg/kg)

Content
(mg)

Product with
highest
contents

Components Concentration Products
with highest
contents

1,400 mg

Brake
Magnets,
System,
PCB’s
Engine
System, High
Voltage
Power Supply

Components

2 mg/kg

ICEV
unspecified
(Internal
Combustion
Engine
Vehicle)

Magnets,
PCB’s

2 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
NiMH

Magnets,
PCB’s

2 mg/kg

PHEV
(plug-in

(CMH MS)
730 mg

Engine
System,
Seating
(CLM MS)

430 mg

Engine
System

unspecified
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(CML)

hybrid
electric
vehicle)
Li:ion
Tb

Content (mg)

Concentrations (mg/kg)

Content
(mg)

Product with
highest
contents

Components Concentration Products
with highest
contents

Components

19,860
mg

Transmission

Magnets

17 mg/kg

BEZ
(battery
electric
vehicle)

unspecified

<10 mg

Special
Equipment

Doping
Agent

10 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
NiMH

unspecified

Doping
Agent

10 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
Li:ion

unspecified

(CMH MS)

(CML)

<10 mg

Special
Equipment
(CMH HS)

Yb
Content (mg)

Concentrations (mg/kg)

Content
(mg)

Product with
highest
contents

Components Concentration Products
with highest
contents

Components

160 mg

Climate
System

Ceramics

0.101 mg/kg

BEZ
(battery
electric
vehicle)

unspecified

Ceramics

0.061 mg/kg

PHEV
(plug-in
hybrid
electric

unspecified

(CML)
160 mg

Climate
System
(CMH HS)
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vehicle)
Li:ion
160 mg

Climate
System

Ceramics

0.059 mg/kg

(CMH MS)

PHEV
(plug-in
hybrid
electric
vehicle)
NiMH

unspecified

Y
Content (mg)

Concentrations (mg/kg)

Content
(mg)

Product with
highest
contents

Components Concentration Products
with highest
contents

Components

230 mg

Engine
System,
Exterior
Lighting,
Infotainment

Ceramics,
LED

0.350 mg/kg

ICEV
(internal
combustion
engine
vehicle)

unspecified

Ceramics,
LED

0.313 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
Li:ion

unspecified

Ceramics,
LED

0.303 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
NiMH

unspecified

(CMH HS)
230 mg

Engine
System,
Exterior
Lighting
MediumSpecified
(CMH)

220 mg

Engine
System,
Exterior
Lighting,
Transmission
(CML)

Co
Content (mg)

Concentrations (mg/kg)

This project has received funding from the European Union’s Horizon 2020 research
and innovation programme under grant agreement No 730227
SCRREEN D8.1| Prevalence, recyclability, cost and financing of CRM
recycling from WEEE|Rev.0|

20

Content
(mg)

Product with
highest
contents

Components Concentration Products
with highest
contents

Components

8,313,000 PHEV (plugunspecified
mg
in hybrid
electric
vehicle) NiMH

6,153 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
NiMH

unspecified

2,712,000 BEZ (battery
mg
electric
vehicle)

unspecified

2,069 mg/kg

BEZ
(battery
electric
vehicle)

unspecified

9,330,000 PHEV (plugmg
in hybrid
electric
vehicle) Li:ion

unspecified

5,861 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
Li:ion

unspecified

Cr
Content (mg)
Content
(mg)

Product with
highest
contents

Concentrations (mg/kg)
Components Concentration Products
with highest
contents

Components

2,180,000 Passenger
mg
car

Direct inputs

9,851 mg/kg

Passenger
car

Direct inputs

2,090,000 Passenger
mg
car

Automobile
parts

9,287 mg/kg

Passenger
car

Combustion
engine

1,510,000 Passenger
mg
car

Combustion
engine

6,612 mg/kg

Passenger
car

Automobile
parts

Ga
Content (mg)
Content
(mg)

Product with
highest
contents

570 mg

Engine
Cooling & Air

Concentrations (mg/kg)
Components Concentration Products
with highest
contents
0.704 mg/kg

BEZ
(battery

Components

unspecified
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Induction,
Seating

electric
vehicle)

(CMH MS)
560 mg

Climate
System,
Seating

0.618 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
Li:ion

unspecified

0.600 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
NiMH

unspecified

(CMH HS)

420 mg

Exterior
Lighting,
Seating
(CLM MS)

Ge
Content (mg)

Concentrations (mg/kg)

Content
(mg)

Product with
highest
contents

Components Concentration Products
with highest
contents

Components

50 mg

PHEV (plugin hybrid
electric
vehicle) Li:ion

unspecified

0.038 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
Li:ion

unspecified

50 mg

PHEV (plugunspecified
in hybrid
electric
vehicle) NiMH

0.037 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
NiMH

unspecified

80 mg

BEZ (battery
electric
vehicle)

0.05 mg/kg

BEZ
(battery
electric
vehicle)

unspecified

unspecified

In
Content (mg)

Concentrations (mg/kg)
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Content
(mg)

Product with
highest
contents

Components Concentration Products
with highest
contents

380 mg

Exterior
Lighting

PCB’s

0.324 mg/kg

ICEV
(Internal
Combustion
Engine
Vehicle)

Glass,
PCB’s

0.290 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
Li:ion

Driver
PCB’s
Controls,
High
VoltagePower
Supply,
Security &
Body
Electronics

0.281 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
NiMH

(CLM MS)

150 mg

Infotainment,
Restraints &
Airbags
(CML)

80 mg

Components

(CMH MS)
Nb
Content (mg)

Concentrations (mg/kg)

Content
(mg)

Product with
highest
contents

Components Concentration Products
with highest
contents

109,140
mg

Body
Structure,
Exhaust Cold
End, Seating

Nickel
Alloys, Steel
Alloys

363 mg/kg

I ICEV
(Internal
Combustion
Engine
Vehicle)

Nickel
Alloys, Steel
Alloys

325 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
Li:ion

(CMH MS)
89,810
mg

Engine
System,
Restraints &
Air Bags,
Seating
(CLM MS)

Components
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81,420
mg

Body
Structure,
Engine
System,
Seating

Nickel
Alloys, Steel
Alloys

316 mg/kg

(CMH HS)

PHEV
(plug-in
hybrid
electric
vehicle)
NiMH

Pd
Content (mg)

Concentrations (mg/kg)

Content
(mg)

Product with
highest
contents

Components Concentration Products
with highest
contents

1,810 mg

Bumpers,
Spoilers &
Covers,
Engine
System, High
Voltage
Power Supply

Catalytic
Converters,
Particulate
Filters,
PCB’s

1.057 mg/kg

ICEV
(Internal
Combustion
Engine
Vehicle

Catalytic
Converters,
Particulate
Filters,
PCB’s

0.717 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
Li:ion

Catalytic
Converters,
Particulate
Filters,
PCB’s

0.696 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
NiMH

Components

(CMH MS)
1,540 mg

Engine
System,
Infotainment,
Special
Equipment
(CMH HS)

1,240 mg

Engine
System,
Special
Equipment,
Interior &
Instrumental
Panel
(CLM MS)

Sb
Content (%)
Content
(%)

Product with
highest
contents

Concentrations (mg/kg)
Components Concentration Products
with highest
contents

Components
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0.02 %

Electronic
Control Unit

PCBs in
ELV ECU

0.04%

ASR

unspecified

Si
Content (%)

Concentrations (mg/kg)

Content
(%)

Product with
highest
contents

Components Concentration Products
with highest
contents

2.1%

ASR

Unspecified

Components

Pt
Content (mg)

Concentrations (mg/kg)

Content
(mg)

Product with
highest
contents

Components Concentration Products
with highest
contents

5,510 mg

Engine
System,
Infotainment,
Restraints &
Air Bag

Catalytic
Converters,
Particulate
Filters,
PCB’s

6.692 mg/kg

ICEV
(Internal
Combustion
Engine
Vehicle

Catalytic
Converters,
Particulate
Filters,
PCB’s

4.203 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
Li:ion

Catalytic
Converters,
Particulate
Filters,
PCB’s

4.078 mg/kg

PHEV
(plug-in
hybrid
electric
vehicle)
NiMH

Components

(CMH HS)
7,850 mg

Engine
System,
Infotainment,
Security &
Body
(CLM MS)

8,080 mg

Engine
System, High
Voltage
Power
Supply,
Infotainment
(CMH HS)

Acronyms:
CML – Conventional Midsize Car, Low-Specified – vehicles with diesel engine, automatic gear box and front
wheel drive
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CMH HS – Conventional Midsize Car, High-Specified – vehicles with diesel engine, automatic gear box and allwheel drive, with most of vehicle available in a modern car
CMH MS – Hybrid Midsize Car, Medium-Specified – vehicles with combination of diesel engine and electric motor
with Li-ion battery, with more equipment than the CML but less than the CMH HS
CLM – Conventional Large Car, Medium-Specified – vehicles with diesel engine, automatic gear box front wheel
drive, and more equipment than CML and less than CMH
PHEV NiMH – Plug-In Hybrid Electric Vehicle with NiMH battery
PHEV Li-ion – Plug-In Hybrid Electric Vehicle with Li-ion battery
ICEV – Internal Combustion Engine Vehicle
BEZ – battery electric vehicles
ASR – Automobile Shredding Residues

The conducted analyses show that the largest quantities of critical materials can be
found in metallurgical, catalytic, electrical and electronic applications. The increasing
numbers of electrical parts used in the vehicles will cause the increase of the usage
of such metals as Nd, Dy, Cu, Sm, Ag, Tb, Mn, Li, Pd and Pt. When comparing the
hybrid cars with the conventional vehicles, the first one contain at least double
amount of some critical metals.
In the case of the vehicles presented in Table 6, the highest amounts are shown for
Co, Cr, Nd, Nb and Dy.
Co content reaches the level from 2 712 000 mg in the BEZ vehicles, 8 313 000 mg
in the PHEV NiMH to 9 330 000 mg in PHEV Li-ion vehicles. Co can be found in a
wide range of applications, e.g. alloys, electrical and electronics equipment as well as
Li-ion batteries.
The second highest is Cr content present in the passenger cars in the following
components: combustion engine (1 510 000 mg), automobile parts (2 090 000 mg)
and direct inputs ( 2 180 000 mg).
The next high level is achieved for Nd and it is observed that it is strongly related to
the number and sizes of high-strength neodymium magnets used for the climate
system, high voltage power supply and transmission in the CMH MS (531 880 mg),
for the climate system, seating and steering in the CMH HS (205 680mg) as well as
in the CML (43 380 mg).
In the case of Nb, it is used in small quantities in a large number of alloying
applications, i.e. body structure, engine system and seating in CMH HS (81 420 mg),
engine system, restraints, air bags, seating in CLM MS (89 810 mg) and body
structure, exhaust cold end and seating in CMH MS (109 140mg).
Dy is mainly contained in magnets used for climate system, high voltage power
supply, transmission in the CMH MS (129 660 mg), infotainment, seating and
steering in the CMH HS (27 140 mg) and climate system, infotainment and safety
electronics in the CLM MS ( 1960 mg). Dy is mainly applied in order to alter the
characteristics of Nd magnets, so it should be noted that there is a strong correlation
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between number and size of Nd magnets and mass of Nd and simultaneously it is
true for the mass of Dy.
Considering the end-of-life vehicles the largest amounts of Pt, Ce, La and Pd are
typical for catalytic converters and particulate filters. In the case of the analysed
automobiles Pt and Pd were always found in these components and in low
concentrations in substantial numbers of electrical and electronic applications, mainly
PCB’s. These parts with the determined Pt content are used for engine system,
infotainment, restraints and air bags in CMH HS (5 510 mg), engine system,
infotainment security and body in CLM MS (7 850 mg), as well as engine system,
high voltage power supply, infotainment in CMH HS (8 080 mg). Pd is applied in
bumpers, spoilers and covers, engine system and high voltage power supply in CMH
MS (1 810 mg), engine system, infotainment, special equipment in CMH HS
(1 540mg) and CLM MS (1 240mg). In the case of Ce, it is only found in the catalytic
converters and particulate systems when La is not present, and it is not present when
La is in the composition of these components. The filters, LED and zinc alloys used
for engine system, exterior lighting and steering in CMH HS contain 11 830 mg of this
element. Ce is also present in elastomers, LED and zinc alloys used for engine
system, exterior lighting in the CLM (12 910 mg) particulate filters, LED and zinc
alloys applied in engine system, exterior lighting and steering in CMH HS (11 830
mg) and in elastomers, LED and zinc alloys for engine cooling and air induction,
exterior lighting and steering in CMH MS (310 mg).
Tb, La, Pr, Sm and Ga are mainly identified in high-strength magnets used in e.g.
electronic motors for electronic seat adjustment. These are often the same magnets
where substantial quantities of Nd and Dy are present. Tb is mainly used in magnets
for transmission in CMH MS but also in amounts below 10 mg in doping agent for
special equipment applied in CML and CMH HS. Pr is identified in ceramics and
magnets for climate system, seating and safety electronics in CMH HS in amount of
5 550 mg, CMH MS at the level of 4 010 mg and CLM MS in the quantity of 2 470
mg. La is used in magnets, particulate filters and zinc alloys mainly for engine
system, steering, brake system and exterior lighting in the content at the level of
6 680 mg (CMH MS), 5 220 mg (CML), 70 mg (CMH HS). Sm is applied in magnets
and PCBs in amount of 1 400 mg in brake system, engine system and high voltage
power supply in CMH MS, 730 mg in engine system and seating in CLM MS as well
as 430 mg in engine system in CML.
The trace amounts are shown for Eu, Gd, Sb and Si. Both Eu and Gd reach the level
below 10 mg and Eu is present in such quantity in the LED used for exterior lighting
in CMH HS, CMH MS and CML, whereas LED and aluminium alloys with Gd content
are used for brake system and exterior lighting. Sb with the content of 0.06 % is
present in the electronic control units – PCBs in ELV ECU and automotive shredded
residues (ASR), and Si with the content of 2.1 % is observed in the automotive
shredded residues (ASR).
In order to achieve the European reuse and recycling targets the concentration of
critical metals in particular vehicle components is also very important to be
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determined. Table 6 presents the values of elements concentration calculated as
metal content (g) per unit of analysed vehicle.
Considering the efficient management of ELVs as a valuable waste stream, the
automobile shredder residue (ASR) requires a particular attention. ASR is a residual
fraction of a vehicle obtained after shredder and metal separation steps. It is an
agglomerate of plastic (19-31 %), rubber (20 %), textiles and fibre materials(10-42 %)
and wood (2-5 %) which are contaminated with metals (8 %), oils (5 %) and other
substances (about 10 %). Its composition depends strongly on the shredding input
and on the conducted depollution operation. At the moment ASR is mostly landfilled
instead of being recycled, mainly due to its high pollutant content as well as of the
lack of cost-effective sorting technologies which would be suitable for the separation
of valuable materials from the cheap residual mixture.
It should be noted that the cars that are scrapped today do not contain the same
amounts or types of CRMs as the newer models of cars currently produced. Due to
the fact that more electrical equipment is added into vehicles, the newer cars will
most probably contain more CRMs than the vehicles scrapped today. The average
lifetime of the passenger car is about 16-20 years and the data shown in Table 6 is
mostly based on the car models from 2012, so most of the presented contents will be
available for period of 16-20 years.
The main reason of the increased usage of CRMs besides the vehicles’ electrification
is a need for the light-weight cars. The production of such type of vehicles requires
the usage of the following materials: aluminium, magnesium, and their alloys,
chromium, molybdenum, manganese and niobium. The EU regulations related to
decreasing emissions enforce application of the catalyst and particle filters which
usually requires metals from the platinum group as well as rare earth metals.
It should be taken into account that the changing composition of the materials used in
vehicles production is a challenge for recycling of end-of-life-vehicles (ELVs) in the
future. Currently, the recycling systems are prepared and optimized for recycling of
base metals which occur in substantial amounts. Simultaneously, they are not
adequate and optimal for recycling of CRMs which are present in different vehicle
components in low or even trace amounts and complex structures. Although a part of
the most valuable critical metals is recovered, the losses in different collection and
processing stages are quite high.
The same applies to current regulations aimed at quantitative recycling targets. There
is a great need to develop new types of recycling strategies in order to enable more
efficient and economic recycling of critical and valuable metals.
MAIN BATTERY TYPES WITH CRM
Batteries are a based on a structural group of electrochemical cells connected in
series or in parallel and they are classified by chemistry. The Figure below illustrates
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the revenue share among battery types highlighting the dominance of Li-ion
batteries1.
Figure 1:Share of different battery types according to revenues

The below Figure 2 illustrates CRM contents in the various battery types.
Figure 2: Average CRM contents in waste batteries sorted by electrochemical families with
uncertainties

Source: ProsUM project, http://www.prosumproject.eu/

1

See: https://batteryuniversity.com
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Ce

cerium

Co

cobalt

La

lanthanum

Nd

neodymium

Pr

praseodymium

Sb

antimony

The data considers the batteries expected to be have been generated as waste in
2016. Because the available data on the collected waste batteries do not have this
level of details, the waste generation was modelled based on data for the quantities
of batteries put on the market and lifetime, differentiating the specific battery
technologies (e.g. the rechargeable lithium battery technology based on lithium
cobalt dioxide) and the applications (e.g. mobile phone, electric vehicle). The
uncertainties result from the uncertainties on the data entering the model and on the
average composition of the batteries.
The data show that rechargeable lithium-batteries contain the highest amounts of
cobalt, around 4 %. Nickel metal hydride batteries contain around 1.5 % of cobalt.
They are the main source of lanthanum (around 3 %), and also contain around 0.5 %
of cerium, and minor amounts of neodymium and praseodymium. Antimony can be
found in lead-batteries (around 0.4 %).
SUMMARY AND CONCLUSIONS
Many CRMs are used in EEE, ELV and in batteries. In EEE particularly and partially
in ELV, CRM contents and even more concentrations are low, in most cases far
below 1 % where recycling might become relevant provided the respective pre- and
end-processing technologies are available.
In all cases, separate collection/removal or later sorting of batteries, WEEE and
respective parts from ELV are a prerequisite for recycling. Low collection rates
reduce the recycling rates.
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PROCESSING TECHNOLOGIES FOR CRM-RECYCLING FROM WEEE,
BATTERIES AND END-OF-LIFE VEHICLES

CURRENT STATE OF THE ART TREATMENT

WEEE – GENERAL DATA
The initial recycling processing step of the WEEE comprises the manual dismantling
and detoxification stage, where environmentally hazardous wastes such as batteries,
printer toners, mercury switches, CFCs, mercury containing lamps, printed circuit
boards (PCBs), oils and other environmental pollutants are removed from the WEEE
stream, in order to be safely disposed or sent to specialized recycling facilities. The
remaining “detoxified” waste is sorted in various material streams through further
manual dismantling and/or mechanical crushing followed by magnetic, electrostatic,
gravimetric and wet-chemical (flotation) separation in order to produce different basic
material streams (e.g. ferrous-based, copper-based and plastic-based), A general
flowsheet of the state of-the-art WEEE pre-processing quoted in Figure 31. WEEEs
including TV and PC monitors, fluorescent lamps and kitchen equipment, are usually
treated together with other metal scraps and primary ores, in large plants like the
XSTRA Horne Smelter at Rouyn- Noranda, Canada, the Boliden Rönnskär smelter in
Sweden, the Umicore plant in Hoboken (Belgium) and the Aurubi’s smelter in
Hamburg2.
Currently, worldwide many of the critical metals, especially the rare earth elements,
scandium and yttrium as well as tantalum, gallium and indium present total end-of-life
recycling rates below 1 %. The recycling status for precious metals such as platinum,
palladium, gold, silver and for cobalt is significantly better with rates approaching
50 %. The increased recycling rates in case of PGMs can be attributed to well
established collection systems and processing routes for a number of devices (e.g.
industrial catalysts, special alloys). On the other hand, the recycling of rare earth
elements (REE) presents poor results due to the lack of recycling processes
developed at commercial scale and the difficulty in scrap collection. Finally, there are

1

Crowe, M. et al.: Waste from Electrical and Electronic Equipment, European
Environmental Agency, 2003
2

Khaliq, A., Rhamdhani, M.A., Brooks, G., Masood, S, Metal Extraction Processes
for Electronic Waste and Existing Industrial Routes: A Review and Australian
Perspective, Resources 2014, 3, 152-179.
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other CRMs where end processing technologies are foreseeable, or even available,
however the concentration in WEEE is too low to enable their recycling.

Figure 3: Flow sheet of state of the art WEEE processing in the EU

Source: M. Crowe et al.

Note: The green colour indicates the presence of toxic materials
RECYCLING OF METALS FROM WEEE IN SMELTERS
The Horne smelter located in Rouyn-Noranda in Quebec, Canada, utilizes the
horizontal Noranda reactor for the production of copper and PGMs from e-wastes via
smelting at 1250 °C in the presence of air enriched in oxygen, to produce a copper
matte (sulphidic phase) and a slag phase (oxidic phase) in a continuous process3.
The copper matte concentrates the majority of precious and trace metals which are
recovered in the final processing stages of the plant, as anodic slime during blister
copper electro-refining (Figure 4).

3

Cui, J., Zhang, L.: Metallurgical recovery of metals from electronic waste: A review,
Journal of Hazardous Materials, 2008, 158,228–256
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Figure 4: Noranda melting process for the recovery of copper and PGMs

Source: Sui and Zhang, 2008

The Rönnskär smelter in Skelleftehamn, Sweden, utilizes the vertical Top Blown
Rotary Converter (TBRC) (or Kaldo converter). The Umicore plant in Hoboken,
Belgium, developed the vertical Isa-Smelt furnace which operates in batch wise
processing to treat lead/copper ore concentrates and low copper grade scarp
(including e-wastes), through oxygen excess smelting and carbothermic reduction for
the production of a copper alloy containing several metals like Ni, Au, Ag, PGMs, etc
and a lead bearing slag which contains other metals with “lead affinity” like In, Sn, Sb,
As, Bi, Se, etc. Both products are further treated through a complicated proces of
primary Cu or Pb metallurgy, leading to the eventual recovery of separate metal
values. These global scale smelters, recycle about 100,000 tonnes of end of life
electronics per year, which however represent only 10-14 % of their total
throughput4. In all cases, the combustion of the plastic fractions of e-waste is
beneficiary to the process, supplying heat energy. However the amounts of e-wastes
charged cannot be increased, as the plants’ complex operations are designed to treat
4

Rotter V.S., Chancerel, P.: Recycling of Critical Resources-Upgrade Intoduction,
EGG 2012 conf. proceedings
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primary Cu and Pb ores, thus having upper limits to the “chemical impurities” which
they can tolerate. For example, in contrast to WEEE, sulphidic Cu and Pb ores have
very low aluminum content and, therefore, form completely different slag systems
with respect to “WEEE concentrate”. Furthermore, the CRMs originating from the
waste stream are in the end recovered as impurities of the main process as their
concentration exceeds the system’s tolerance limits. This practically means the
CRMs values have long residence times within the large reactor volumes of these
industries and to some extent their efficient recycling is linked with the presence of
the same CRM in the primary ores treated. Although theoretically recoverable in the
metal phase and the off-gases dusts, Ge and Ga are not recycled in practice as they
enter the system in low concentrations in the WEEE stream, which constitutes only
10 % of the whole charge. Finally, REEs and Ta, if present, are oxidised and are
dissipated in the large amounts of process slags. In summary large scale endprocessing of Cu-fractions and PCBs today can achieve near complete recycling of
noble metals (Au, Ag, PGMs), 45-65 % recycling of Bi, Sn and Sb and 10-20 % of In
and practically no recycling of Ga, Ge, REEs and Ta5.
RECYCLING OF METALS FROM BATTERIES
Batteries are a significant secondary resource for numerous metallic values – among
them technology metals. Table 7 presents the most widely used types of batteries
and their content (wt.%) in basic and critical metals6. The recycling of batteries is
successfully performed in a number of cases; Nearly the 90 % of lead–acid
automotive batteries and button cells batteries are recycled due to their value and
toxicity of their chemicals. Rechargeable nickel–cadmium (Ni-Cd), nickel metal
hydride (Ni-MH), lithium-ion (Li-ion) and lead-acid batteries, are also recycled. The
commercial recycling processes of the three most widely applied batteries are
presented below; (a) Lithium-ion batteries containing a number of technology metals,
(b) lead-acid batteries which their recycling if crucial for environmental purposes and
simultaneously consist a significant secondary resource of lead and (c) nickelcadmium batteries from which nickel can be extracted.

Hageluken, C.:Recycling of electronic scrap at Umicore’s integrated metals smelter
and refinery, ERZMETALL, 2006, 59 (3), 152–161
5

6

Fisher, K., Wallén, E., Laenen, P.P., Collins, M.:Battery Waste Management: Life
Cycle Assessment, 2006
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Table 7: Main types of batteries and their respective concentrations in basic and critical metals

Metal concentrations (wt.%)
Battery
type

Fe

Mn

Ni

Zn

Alkaline

24.8

22.3

0.5

14.9

Zinccarbon

16.8

15

Lithium

50

19

1

Mercuryoxide

37

1

1

Zinc-air

42

Lithium

60

18

1

Alkaline

37

23

1

11

0.6

Silver oxide

42

2

2

9

0.4

Nickelcadmium

35

NiMH

20

Li-ion

22

Lead–acid

Hg

Li

Cd

Co

Al

19.4

35

Pb

0.1
2

14

31

35

1
3

31

22
1

Ag

15
1

4
3

18

5
65

Source: Fisher et al. 2006

Lithium-ion batteries (LIBs) and lithium iron phosphate (LiFePO4) batteries often
contain, except lithium, high-grade copper, aluminum, cobalt and nickel as well as
rare earths. This type of batteries is mainly used in electric vehicles, mobile phones,
laptops, and digital camera products. Spent LIBs usually contain 5 %–20 % cobalt, 5
%–10 % nickel, 5 %–7 % lithium, 5 %–10 % other metals (copper, aluminum and iron
Fe). It has been estimated that lithium demand will overshoot the available global
lithium resources of 25.5 million tonnes before 2025, therefore the efficient recycling
of LIBs is a crucial matter. The general flowsheet of the spent LIBs recycling process
is presented in Figure 5. The main parts of the LIB are the cathode, the anode, the
electrolyte and the separator. The cathode materials of LIBs are the most valuable
containing lithium intercalation oxides, such as LiNiO2, LiMn2O4, LiCoO2, LiFePO4
and LiNixCoyMn1-x-yO2. The scrap is initially submitted to a pretreatment process
which comprises the discharging, dismantling and the separation of the cathode part.
The organic matter and, as well as, the aluminum, iron and copper amounts are
removed. Pyrolysis is the main process in the pretreatment step. The heating at 150–
This project has received funding from the European Union’s Horizon 2020 research
and innovation programme under grant agreement No 730227
SCRREEN D8.1| Prevalence, recyclability, cost and financing of CRM
recycling from WEEE|Rev.0|

37

500 oC for 1 hour is necessary to remove the organic additives. Alternatively, the
unclean cathode material could be incinerated at 700–900 oC for 1 hour to remove
carbon and residual unburned organics if present. At this temperature range, nickel
hydroxide is converted to nickel oxide and it is further reduced with solid carbon
source to metallic nickel7.
Hydrometallurgy, which is the most widely commercially applied method in the
second processing step, involves leaching of the technology metals (TM) (Li, Ni, Co
and Cu) contained in the cathode. Both inorganic and organic acids are used as
leaching agents. Ammonia-ammonium and sodium sulfite salt is a typical leachingseparation system. Ammonium sulfate [(NH₄)₂SO₄] is used as the leaching agent and
sodium sulfite (Na₂SO3) is chosen as the reducing agent in order to selectively leach
valuable metals such as Li, Co, and Ni from the LiNi1/3Co1/3Mn1/3O2 material of the
cathode. Bioleaching has been proposed as an alternative method to the
conventional acid-leaching techniques. In biometallurgical processes, inorganic and
organic acids produced by microbial activities promote the leaching of metals. More
specifically, the Acidithiobacillus ferrooxidans has been tested for the leaching of Co
and Li from spent LIBs. The oxidizing bacterium generates sulfur by the introduction
of iron in the bacterium environment. The method is not currently applied on a
commercial basis.
The third step of the recycling process comprises the recycling of the technology
metals in the leachate. The recycling technique consists of a combination of solvent
extraction, chemical precipitation and crystallization. In several cases, the use of a
precursor is required in order the recycling degree be increased. For example, in
order to recover the Co in sulfuric leachate, a precursor material is directly prepared
by adjusting the composition of the leaching solution; the cathode material is further
regenerated by co-precipitation and sol–gel. The recycling degrees of the technology
metals are generally high ranging between 85 and 95 %8.

7

Zeng, X., Li, J., Singh, N.: Recycling of Spent Lithium-Ion Battery: A Critical Review,
Critical Reviews in Environmental Science and Technology, 2014, 44,1129–1165
8

Bankole O.E., Gong, C., Lei, l.: Battery Recycling Technologies: Recycling Waste
Lithium Ion Batteries with the Impact on the Environment In-View, Journal of
Environment and Ecology, 2013, 4
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Figure 5 General flowsheet of the methods and processes for recycling spent LIBs

Source: Zeng et al. 2014

Lead-acid batteries are widely used in motorized vehicles, for storage of energy
generated by photovoltaic cells and wind turbines, and for back-up power supplies.
Lead-acid batteries are the largest group of currently used batteries (the annual world
production is about 360 millions) of lead-acid batteries. Despite the absence of
technology metals, the recycling of lead acid batteries in essential for the recycling of
lead which its annual demand is estimated at 10.83 mt. The recycling process of
lead-acid batteries is relatively simple including the smelting of the scarp. Lead is
received, while a slag containing calcium, iron and silica is generated (Figure 6).
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Figure 6: Recycling process of the spent lead-acid batteries

Source: http://www.berzelius.de/ecobat/rp/

The nickel–cadmium battery (NiCd battery or NiCad battery) is a type of rechargeable
battery using nickel oxide hydroxide and metallic cadmium as electrodes. This type of
batteries is applied in portable electronics and toys, solar garden lights,
suphotographic equipment, hand-held lamps (flashlight or torch), computer
accessories etc. 9
The industrial recycling process of the nickel-cadmium batteries scrap comprises two
main steps:



The separation and removal of the non-metallic parts
The distillation of the metallic part obtaining Cd vapor and an Fe–Ni alloy.
The Cd produced has a 99.99 % purity

During the first step, the batteries are cut for the separation of the plastic content.
The electrolyte is drained and treated for Cd recycling and then sold to battery
9

Espinosa, D.C.R., Bernardes, A.M., Tenório, J.A.S.: An overview on the current
processes for the recycling of batteries, Journal of Power Sources, 2004, 135, pp.
311–319
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manufacturers. The cathode and anode are separated and two parts containing
metallic values are received: The first material containing Cd is submitted to a
pyrolysis process to remove organic materials. Then, Cd distillation is performed. Cd
is cooled and melted, and it is sold to NiCd batteries manufacturers or to the coating
industry. Fe–Ni residue is treated via smelting together with the second material
containing Ni but not containing Cd. The result is a Fe–Ni alloy that is sold to steel
industry.
RECYCLING OF METALS FROM END-OF-LIFE VEHICLES
The shredding of automobiles results in a mixture of ferrous metal, non-ferrous metal
(alloys of copper and aluminium) and shredder waste, called automotive shredder
(ASR), which consists of glass, fiber, rubber, automobile liquids and plastics (Figure
7). The main metallic values in vehicles are: iron-steel (body parts, engine etc.),
aluminum (body parts) and copper (cables) which are recovered usually through
simple re-smelting processes10.
Figure 7: Overview process for the recycling of conventional vehicles

Source: Li et al. 2016

In case of the end-of-life electric vehicles, two additional scrap types are generated;
WEEE (mainly electric motors) and Li-ion potteries (Figure 8) – which their recycling
processes already roughly described.

10Li,

W., Bai, H., Yin, J., Xu, H.: Life cycle assessment of end-of-life vehicle recycling
processes in China-take Corolla taxis for example, Journal of Cleaner Production,
2016, 117, pp. 176-187
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Figure 8: General plan for the recycling of an electric vehicle

Source: Steinlechner, 2015

The recycling of catalysts contained in both conventional and electric vehicles it
deserves to be mentioned as a significant secondary resource for the recycling of
valuable technology metals such as PGM and cerium. It has been estimated that the
weight of vehicle catalyst ceramics ranges from about 0.6 to 4.5 kg per car containing
about 0.1 to 0.5 % w/w of PGMs (platinum, palladium and rhodium). The ceramic
material contains 50-100 g of cerium oxide11. Despite the access of the most
European car manufactures with their respective authorized workshops, the
collection and recycling of the catalysts is taking place in large car recyclers and
dismantling centers. The catalysts can be recycled either through pyrometallurgy or
through hydrometallurgy (Figure 9) 12.
Following the pyrometallurgical processes, the separation of precious metals takes
place through the melting of catalyst ceramics and wash coat. The ceramic fraction is
converted into a slag phase and parted off. The PGMs are then alloyed using a
collector metal, which is further processed. After various separation and refining
steps the precious metals are eventually produced with a high level of purity. The
pyrometallurgical process requires the utilization of high-temperature electric
furnaces – in the form of a plasma, electric arc or submerged arc furnaces. The
operating temperatures are ranged between 1,600 and 1,800 °C, which, with the
addition of lime as flux, is sufficient to process ceramics with a high melting point13.

11

Bleiwas, D.I.:Potential for recovery of cerium contained in automotive catalytic
converters, U.S. Geological Survey, 2013
12

Steinlechner, S., Antrekowitsch, J.: Potential of a hydrometallurgical recycling
process for catalysts to cover the demand for critical metals, like PGMs and cerium,
JOM, 2015, 67, 406-411
13

Hagelüken, C.: Closing the loop - Recycling of automotive catalysts, Metall, 2007
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Figure 9: Processes overview for the recycling of vehicles catalysts

Source: Steinlechner and Antrekowitsch 2015

The hydrometallurgical route has not widely been used at a commercial level.
Following a hydrometallurgical process, the PGMs are removed from the ceramic
support using strong acids or leaching agents. Subsequently, platinum metals are
separated from the solution, by precipitation for instance. The disadvantages of this
process are considerable precious metal losses, large quantities of wastewater and
leaching residues as well as the problem of their disposal.
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SPECIFIC REQUIREMENTS AND PROCESSES FOR CRM RECYCLING
In general, CRM recycling is possible only when the CRM-containing components in
PCBs, batteries and automotive catalysts (part of EOL vehicle waste stream) are
separated from the whole device. This process can be characterized as an
enrichment and it is necessary as CRM are contained in low amounts. A noneffective separation leads to the further decreasing of the CRMs content during the
step of scrap mixing. The Italian case is characteristic in EU concerning the
significance of the appropriate collection and separation of the scrap. Significant
improvements on the recycling efficiency have been observed in this country. The
recycled amount of WEEEs has been increased from 4.29 kg/inhabitant before 2011
to 12 kg/inhabitant due to policies that reinforce the scrap collection at municipal level
and the optimization of the pre-treatment processes1. The following components are
removed and treated separately due to their CRM contents:






PCBs from cooling and freezing appliances;
PCBs from large household appliances;
PCBs, display and background lights from TV and monitors;
Batteries, PCBs, hard disks, magnets, capacitors, display from small
household appliances;
Lamps shall be treated in a dedicated facility with specific processes to
recover CRM from powder.

A recent-case study on end-of-life mobile phones shows that if manual disassembly
is applied in pre-processing, 90 % of CRM and metals can be sorted out in separate
components, whereas when automated mechanical pre- treatment is applied, the
[1]

dissipation of CRM and metals in various streams can be between 60 to 90 % .
Moreover, the Italian trial highlighted how the separate treatment of WEEEs with high
CRMs content such as smartphones, notebooks can impact positively the amounts of
CRM recycled. ECODOM which consists the leader recycling Company in Italy, has
developed a process for the separation of CRMs in 6 dedicated streams during the
steps of collection and treatment in relation to the scrap material. Generally, flat TV
screens and monitors contain CRMs at medium concentrations, cell phones, smart
phones, tablets, cameras and video games contain high CRMs at high
concentrations, while kitchen equipment contain CRMs at low concentrations. The
appropriate separation of the e-wastes increases the efficiency of the chemical

1
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processing in the next steps. The separation tests of ECODOM are going to be
completed and presented in EU community during 20192.
RECYCLING OF INDIUM FROM LED-CONTAINING SCRAP
End-of-life LCDs consists about the 90 % of the indium-bearing components in waste
electric and electronic equipment (WEEE). Indium in LCDs is contained as indiumtinoxid (ITO). Ιndium-gallium-nitride (InGaN) as a component of light emitting diodes
(LED) semiconductor chips for screen backlighting consists a second important
secondary source of indium3. The recycling of indium from ITO scrap is relatively
limited in the EU. Umicore in Belgium have a reported indium refinery capacity of 50
tonnes per year in their Hoboken smelter (Figure 10).
Figure 10: Combined Cu/Pb smelting at Hoboken (UMICORE)

Source: https://www.umicore.com/storage/migrate/2010CMD_Hoboken.pdf

2

Campadello, L.: A methodology to increase the recovery of CRM from WEEE,
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3
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Nyrstar, which is active in several countries, runs a smelter producing about
40 tonnes of indium per year. Additional refined indium production at small amounts
(less than 7 tonnes per year) has been reported also in other EU countries, including
Germany, Italy, the Netherlands, and the United Kingdom. A limited number of
information has been published concerning the commercial f processing of indium
recycling from secondary resources. As it can be seen in Figure 11, the Nyrstar In
recycling method includes a combination of hydro and pyro metallurgical processes,
while a complex scrap material composed by In, Zn and other metals is used as a
feed4.
Figure 11: Nyrstar Company process for the extraction of indium from WEEEs

Source: Constant 2018

4
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The method of indium recycling from LCDs is well established and described and
comprises three main steps: the pre-treatment of the LCD scrap, the release of the
indium content and its recycling-purification (Figure 12)5.
Figure 12: Method of indium recycling from LCDs

Source: Götze 2012

The pre-treatment process aims to the removal of the hazardous components and
the obtaining of the clear ITO glass. Initially, the LCD scrap is dismantled through a
mechanical process. Although some companies in Europe claimed that have
developed automated dismantling systems, currently, there is a lack of commercial
automated systems and the process is taking place manually6. After the dismantling,
the non-metallic components should be removed. ITO glass is enclosed between a
polarizing film composed by polythelene, polyvinyl alcohol and other organic
materials and by a liquid crystal layers. Several technologies have been developed,
still under laboratory and pilot scale, for the removal of the organic content, however
two are the main strategies; (a) pyrolysis under nitrogen atmosphere or vacuum and
(a) chemical separation. The pyrolysis is performed in electric tube furnaces at about
5

Götze, R., Rotter, V.S.: Challenges for the recycling of critical metals from waste
electronic equipment - A case study of indium in LCD panels, panels. In: Electronics
Goes Green 2012+ (EGG). IEEE, Berlin, 1–8, 2012
6

Ardente, F., Mathieux, F., Recchioni, M.: Recycling of electronic displays: analysis
of pre-processing and potential ecodesign improvements. Resources, Conservation
and Recycling, 2014, 92, 158–171
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400 oC (Figure 13)7. The advantage of the pyrolysis is that consists a relatively clean
method as the organic polymers are converted to oil and gas that can be used as
alternative fuels. However, on the other hand, its operating and capital cost is high as
a high consumption of nitrogen is required, while an expense absorption apparatus of
the NOx is necessary. Recent studies, have shown that vacuum pyrolysis presents
advanced results (lower operating cost, lower required heating temperature and
purest gas product) 8.
Figure 13: Nitrogen pyrolysis process for the removal of the organic materials in LCDs

Source: Takahashi et al., 2009

The organic content can be alternatively removed through a combination of physical
and chemical process. The polarizing film is decomposed by a heating sock at about
250 oC formatting a resins that can be easily removed manually. The crystal liquid is
crushed at small particles and leached by acetone using simultaneously ultrasonic
waves9. The proposed physical-chemical separation process is effective and

7

Takahashi, K., Sasaki, A., Dodbiba, G., Sadaki, J., Sato, N., Fujita, T.: Recovering
indium from the liquid crystal display of discarded cellular phones by means of
chloride-induced vaporization at relatively low temperature. Metallurgical and
Materials Transactions A, 2009, 40, 891–900
8

Ma, E., Xu, Z.: Technological process and optimum design of organic materials
vacuum pyrolysis and indium chlorinated separation from waste liquid crystal display
panels. Journal of Hazardous Materials, 2013, 263, 610–617
9

Lee, C., Jeong, M., Kilicaslan, M.F., Lee, J., Hong, H., Hong, S.: Recycling of
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presents a lower cost in comparison to pyrolysis, however toxic wastes are
generated.
The second step of the LCDs recycling process comprises by the leaching of the ITO.
A wide range of acids have been used such as; hydrochloric, dense sulfuric, H2SO4H2O2 and nitric. The dissolving of indium and tin is generally described by the
reactions:
In2O3
SnO +

+6H+
2H+

→
→

2In3+
Sn2+

+

3H2O
+

H2O

The recycling and the purification of the indium content consist the final and the most
crucial step of the LCDs recycling process. Solvent extraction is the most widely
applied technology for In recycling after the leaching. DEPHA, tributyl phosphate and
cyanex 272 have are mainly used as extractants. In case of cyanex 272, In
recoveries reaching 99 % have been reported10. Alternatively to solvent extraction,
the recycling using resin columns filled with cyanex 923 has been successfully
applied11.
Finally, complex pyrolysis-chlorination method which substitutes the leaching-solvent
extraction processes should be mentioned. The chlorination reaction is performed at
700 oC for 90 min and indium chloride (InCl3) is receive as a product which it can be
further proceeded via calcination (Figure 14). The chlorination is achieved using
hydrogen chloride which produced during the pyrolysis step. The indium recycling
degree is about 96 %.

10

Yang, J., Retegan, T., Ekberg, C.: Indium recycling from discarded LCD panel
glass by solvent extraction. Hydrometallurgy, 2013, 137, 68–77
11
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Figure 14: A complex pyrolysis-chlorination process for the recycling of indium chloride
product

Source: Park et al. 2009

REYCLING OF NEODYMIUM, SAMARIUM AND PRASEODYMIUM FROM
PERMANENT MAGNETS
Neodymium (NdFeB) and samarium-cobalt magnets are contained in electric
vehicles motors, wind turbines and in several electric and electronic equipments
(WEEEs), such as hard disk drives (HDD), magnetic resonance imaging (MRI) and
audio devices. At present, no commercial operation has been identified concerning
the recycling of the associated rare earth element (REE) content by the recycling of
EOL permanent magnets. Few companies worldwide have developed a commercial
process only for the dismantling- separation step. The Hitachi Group (Japan)
developed a mechanical dismantling and separation process for NdFeB magnets in
HDDs and air conditioners, using a rotational dram. The method is based on the
vibration and tumbling of the HDDs which became loose and the magnets can be
separated out of the casing in about 30 min. The apparatus can process 100 HDDs
per batch and 200 HDDs per hour, much faster than manual dismantling (Figure
15)12.

12

Baba, K., Hiroshige, Y., Nemoto, T.: Rare-earth magnet recycling. Hitachi Rev,
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Figure 15: The dismantling and separation process of HDDs developed by the Hitachi Group

Source: Baba et al. 2013

It has been estimated that currently still less than 1 % of the rare earths are
recovered from End-of-Life waste streams, however the recycling necessity will
become more intense the next years. According to different scenarios, the overall
recycling potential from 2018–2040 in EU will be about 25.700 tonnes of NdFeB,
corresponding to 7100 tonnes of Nd and 1100 tonnes of Dy13. On this basis, several
recycling processing routes of permanent magnets have been developed by research
institutions in EU. The recycling of REEs by multiple stream scraps containing
permanent Nd-Fe-B magnets (originated by hydrogen driven vehicle motors) was
investigated within the framework of EU project: EREAN (European Rare Earth
Magnet Recycling Network) taking place between 2013-2017. Different methods
were developed to extract the REEs mainly based on roasting at high temperatures,
followed by selective leaching of the REEs. Simultaneously, the leach residue
consists a marketable hematite byproduct, which can be used as a high-quality red
pigment. Alternatively, the electrochemical process was developed, based on the
selective anodic dissolution of REEs from Nd-Fe-B magnets. Complete iron removal
is possible and iron is recovered as a FeCl3 byproduct. The REEs were subsequently

13
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recovered via solvent extraction with ionic liquids. Their low flammability, negligible
volatility and recyclability make them good candidates for the replacement of
conventional organic phases in solvent extraction. Ionic liquid solvent extraction
processes focused on the separation of Nd/Dy from cobalt (erean.eu). Similar
objectives concerning the recycling of scrap containing REEs and the recycling of
REOs and a valuable iron oxide are performed by the REE4EU project (Figure 16).
The program is planned to be completed during the next few years.
Figure 16: General flow sheet for REEs recycling by permanent magnets scrap

Source: REE4EU project (ree4eu.eu).

A completed recycling route of HDDs including the dismantling/separation, leaching
and separation steps has been designed and tested by Delft University. Initially, the
collected magnet residues are thermally demagnetized and subsequently they are
grinded and screened. After a mild grinding and screening processes, the magnetic
concentrate particles of less than 1 mm in diameter represent the 2/3 wt. % of the
total collected shredder residue, and a total recycling rate of 95 % has been achieved
for all the REEs in the collected residues through physical processing. The
concentration of neodymium and praseodymium was enriched from 5 to 7 % in the
as-collected fine shredder residues to about 17–20 % after the physical processing.
The magnetic particles containing the REEs are further separated from the ductile
metal using a hydrogen vessel and rotating porous drum in which NdFeB powder is
hydrogenated. Finally, the powder is leached and REE are received under oxide form
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through selective precipitation (Figure 17)14. Currently, Van Gansewinkel Group
(VGG) operates a small shredder for HDD shredding in cooperation with TU Delft.
Figure 17: Recycling of REEs from PC hard discs according to Delft methodology

Source: Binnemans et al. 2013

DIRECT RECYCLING PROCESS
The direct recycling process of the magnet scraps aims to the re-use of the magnetic
material which is re-received through a psychical metallurgy process. This process
consist a low-cost and green option for recycling due to minimum energy
consumption in a very short loop with no chemical usage and waste generation
(Figure 18). However, direct recycling is applicable only if the waste magnet is not
damaged, highly contaminated and oxidized-corroded. Furthermore, such scrap
materials are not available in large quantities and therefore, direct recycling can not
be exclusively applied for magnets recycling15. Physical metallurgy processes of
magnets scrap are based on the same methods used for primary production of
NdFeB magnets such as re-sintering of the powder, melt-spinning and hydrogenation
disproportionation desorption. Hydrogenation consist the most exhaustively tested
method. Its main disadvantage is that already-oxidized scrap portions do not react
with hydrogen and prevent successful extraction of the REEs. In order to compensate
these oxidized portions and Nd loss, researchers from University of Birmingham

14

Binnemans, K.et al.: Recycling of rare earths: a critical review, Journal of Cleaner
Production, 2013, 51, 1-22
15

Abrahami, S.T.: Rare-earths recovery from post-consumer HDD scrap. Master
thesis. Department of Materials Science and Engineering, TU Delft, 2012
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proposed the addition of fresh neodymium hydride to the hydrogenated powder 16.
Recently, two novel direct process techniques have been proposed and tested at
laboratory scale. According to the first, scrap magnets are hydrogenated at 2 bar
hydrogen pressure and room temperature for 90 min and subsequently dehydrided at
500 oC in vacuum. Afterwards, the HD powder is jet-milled using a 6 bar nitrogen
milling pressure. The dehydrided and jet-milled powder is mixed with fresh, heavy
rare earth free Nd–Fe–B powder made from primary materials. The final samples
contained up to 30 wt % of recyclate. Finally, the powder mixtures are sintered at
1080 oC for 4 h and annealed at 500 oC for 2 h under vacuum. The second process
includes the melt-spinning of the scrap magnet at Ar atmosphere and at
temperatures of up to 1400 oC. The melted material is solidified on a rotating copper
wheel17.

Figure 18: Recycling of Nd–Fe–B alloy of permanent magnets a solution for the circular
economy

Diehl et al. 2018

Ӧna, M.A.R.: Recycling of NdFeB magnets for rare earth elements (REE)
recovery, KU Leuven, Science, Engineering & Technology, PhD thesis, 2017
16

17

Diehl, O. et al.: Towards an Alloy Recycling of Nd–Fe–B Permanent Magnets in a
Circular Economy, Journal of Sustainable Metallurgy, 2018, 4, 163-175
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INDIRECT PROCESSES FOR THE RECYCLING OF REE
The indirect recycling processes aim to the recycling of REEs under elemental or
oxide form. Despite the existence of numerous techniques for the extraction of
metallic values by FeNdB and Sm5Co permanent magnets scrap, their sustainable
upscaling is problematic. On the other hand, regarding the research field, several
efforts have been successfully performed. A classification of the chemical processing
techniques that have been developed and, as well as, their advantages and
disadvantages, are presented in Table 8. Below, some characteristic promising
chemical processes are briefly described.
Table 8: Technological status of the different recycling processes for REE magnets

Method

Advantages

Disadvantages

Hydrometallurgical

 Applicable to all types of
magnet compositions
 Same processing steps as
those for extraction of rare
earths from primary ores

 Many process steps
 Consumption of
large amounts of
chemicals
 Generation of large
amounts of waste
water

Pyrometallurgical

 Generally applicable to all
types of magnets
 No generation of waste
water
 Few processing steps
 Obtaining of REEs in
metallic state

 Large energy input
required
 Not applicable to
oxidized magnets
 Generation of large
amounts of solid
waste

Gas-phase

 Applicable to all types of
magnet compositions
 No generation of waste
water

 Consumption of
large amounts of
chlorine gas
 Aluminum chloride is
very corrosive

extraction

Source: simplified table from Binnemans et al. 2013

Hua et al. have shown that REEs in NdFeB magnet scrap can be selectively
extracted using molten MgCl2−KCl salts at temperatures of 600−1200 °C. After
crushing to granules, the scrap is subjected to molten chlorides in a dry argon
atmosphere. The reactions between NdFeB scrap and molten salts lead to the
formation of RECl3 which can be further proceeded with molten salt electrolysis for
the direct production of Mg−Nd alloy (Figure 19).
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Figure 19: Production of REE-Mg alloy through a pyrometallurgical process ivolving the use of
molten salts.

Source: Hua et al. 2014.

A second pyrometallurcial process that has been successfully applied based on the
metallothermic reduction of REEs scrap with magnesium which is received from PC
scrap (Figure 20). The extraction is carried out using an electric furnace-vessel at
inert atmosphere. The bottom part of the reaction vessel is heated to a temperature
of 1073 K. The magnesium which is placed in the bottom part of reaction vessel
evaporates, and then condenses in the top part of the reaction vessel. The
condensed liquid Mg drips into the scrap and Nd in the scrapalloy combines with
liquid Mg. As the vapor pressure of Nd is extremely low, only Mg evaporates out of
the Mg–Nd liquid alloy, and Nd accumulates in the crucible in vessel18.

18

Okabe, T.H., Takeda, O., Fukud, K., Umetsu, Y.: Direct extraction and recovery of
neodymium metal from magnet scrap, Materials Transactions, 2003, 44 (4), 798 801
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Figure 20: Production of pure Nd via metallothermic reduction with magnesium

Source: Okabe et al. 2003

Regarding the hydrometallurgical recycling of magnets, the recent processes are
based on the separation using ionic liquids. According to the method of Dupont and
Binnemans 2015, the NdFeB magnet scrap is initially roasted with microwaves.
Betainium bis(trifluoromethylsulfonyl)imide, [Hbet][Tf 2N], is used for the leaching
instead of HCl, HNO3 and H2SO4 and three phases are formed: aqueous rich in
REEs and cobalt, an ionic liquid with the iron content and a solid residue. The
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valuable elements (Nd, Dy, Co) are thus separated from the iron with high separation
factors. The stripping is effective using oxalic acid to precipitate the REE(III) and
cobalt(II) ions while transferring the iron(III) from the ionic liquid to the water phase as
a soluble oxalate complex. The cobalt is removed by treating the mixed (REE/Co)
oxalate precipitate with aqueous ammonia. The remaining REE oxalate is then
calcined to form the pure REE oxides (Figure 21).
Figure 21: Extraction and separation of REEs using ionic liquids technology

Source: Dupont and Binnemans 2015

Finally, regarding the gas phase techniques, the extraction of rare earth elements
from the Nd–Fe–B magnet scraps through the chlorination with NH4Cl has been
performed. The results show that Nd2Fe14B primary phase is selectively converted to
NdCl3 with a 90 % yield, together with -Fe and Fe–B solid residues by chlorinating at
573 K for 3 h. The selective chlorination is realized due to the difference of standard
formation enthalpy between RCl3 and FeCl2. Although a part of iron component is
together chlorinated with rare earth one, FeCl2 works as chlorination reagent and
reacts with rare earth components in the inner parts of scrap particles to form further
RCl3. The produced RCl3 is consequently recovered by soaking the reacted solids.
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The Fe-based solid residue powder which is obtained as the by-product possesses
high coercivity around 0.04 T with saturation magnetization value of 140 emu/g19.
RECYCLING OF LITHIUM AND COBALT FROM LITHIUM ION BATTERIES
Cathode and anode components of Li ion batteries consist a significant secondary resource of critical raw materials. Cathode materials contain: LiCoO2,
LiNi0.33Mn0.33Co0.33O2 and LiFePO4, while anodes are usually contain Li4Ti5O12. As it
can be seen in Figure 22, nickel and cobalt are the most valuable metals that can be
extracted on a sustainable basis by different types of batteries. However, the
increase of lithium demand in near future will render its recycling by batteries
advantageous. Pyrolysis, hydrothermal processing and direct physical treatment are
the routes that have been tested for Li ion batteries recycling.
Figure 22: Values per metal contained in different types of Li ions batteries

Source: Kushnir 2015

19

Itoh, M., Miura, K., Machida, K.: Novel rare earth recovery process on FeNdB
magnet scrap by selective chlorination using NH4Cl, Journal of Alloys and
Compounds, 2009, 477, 484-487
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A limited number of companies are currently involved in the recycling of Li ion
batteries in the EU. Umicore is the largest battery recycler at present, and their
method is based on pyrolysis processing. Lithium-ion cathodes mixed with other
metal-containing scrap are directly introduced into a furnace without any preprocessing, e.g. crushing or dismantling. The increase in temperature and reducing
conditions are closely managed so that no explosion can occur and the totality of Co
and steel are recovered in the metallic alloy. The Co-rich product subsequently is
atomized into a very fine powder and further refined in the Co refinery. The slag can
be re-used in construction, concrete or even as raw material in replacement of pure
limestone and silica. The metallic alloy is post processed via leaching and solvent
extraction for the separation of the metallic values (Figure 23). The main
disadvantage of pyrolysis process is the loss of valuable metals such as Li, which its
content in the slag is estimated >1wt. %.
Figure 23: Umicore’s Val'Eas closed-loop process for recycling of Li -ion batteries

Source: Tytgat 2001
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The use of Etoile-Rebatt recycling process at limited commercial level is has been
reported. The method comprises a combination of mechanical dismantling and
separation, electrochemical and thermal treatment (Figure 24). The lithium cells were
soaked in brine and completely discharged for security. Afterwards, anode,
separator, electrolyte, and cathode in the unit cell were separated. Cathodes and
anodes are processed via an electrochemical route using a reactor as can be seen in
Figure 3. The scrap materials is introduced on the bottom of the reaction vessel
below the platinum electrodes which are located in another vessel for product
collecting. The reacting medium is composed by LiOH and KOH. The LiCoO2 phase
of the scrap is deposited as a film on the platinum electrode. The recycled LiCoO 2 is
finally filtered and washed with doubly distilled water, and then dried at 80 ◦C.
Figure 24: Etoile-Rebatt reactor for the electrochemical processing of Li ion batteries scrap

Source: Xua et al. 2008
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The hydrometallurgical recycling of metallic values by spent Li ion batteries has been
extensively attempted at laboratory scale. The scrap is initially leached by inorganic
acids such as sulfuric, hydrochloric and nitric, while it has been reported that the
ultrasonic assisted acid leaching can improve the leaching efficiency and reduce
reagent consumptions and environmental pollution. After the leaching, the metallic
values are recovered either via solvent extraction or via chemical precipitation. In
case of solvent extraction method, di-(2-ethylhexyl) phosphoric acid (D2EHPA), bis(2,4,4-tri-methyl-pentyl) phosphinic acid (Cyanex 272) and diethylhexyl phosphoric
acid (DEHPA) are the most widely used extractants20.

The precipitation method is generally performed with the addition of NaOH. Castillo et
al.21 have proposed a complex precipitation method for the recycling of several
metals from spent Li ion batteries (Figure 25). Cobalt is precipitated as Co(OH)2 by
addition of NaOH at pH values between 6 and 8 and it is filtrated. The second
precipitation is taking place at pH 10 also with the addition of NaOH solution making
possible the separation between lithium and manganese. Mn(OH)2 precipitate can be
easily separated from the solution by filtration. The remaining alkaline ions including
lithium are received by drying. The solid residue, consisting of iron, cobalt and nickel
hydroxides consists a mixture that can be used as a feed in the steel industry.

Kosaraju, S.: A review of ‘the importance of recycling lithium-ion batteries for
lithium, in view of impending Electric Vehicle industry, Chalmers University of
Technology, 2012
20

21

Castillo, S., Ansart, F., Laberty-Robert, C., Portal, J.: Advances in the recovering of
spent lithium battery compounds, Journal of Power Sources, 2002, 112, 247–254
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Figure 25: Flow-sheet of the precipitation processes for the recycling of lithium-ion batteries

Source: Castillo et al. 2002

RECYCLING OF LUTETIUM, CERIUM, LANDTHANIUM AND EUROPIUM
FROM LCDS
Cold cathode fluorescent lamps (CCFLs) that were used as backlighting prior to
LEDs for LCDs in computer monitors contain a number of REEs such as: lanthanum,
gadolinium, europium, cerium and also yttrium. The most widely used materials are:
Y2O3:Eu3+ (red phosphor), LaPO4:Ce3+,Tb3+, GdMgB5O10:Ce3+,Tb3+,
(Ce,Tb)MgAl11O19 (green phosphors) and BaMgAl10O17:Eu2+ (blue phosphors).
Phosphors are typically mixed with a binder (silicone, epoxy) and deposited on the
device. Alternatively, they can be pressed into a ceramic or embedded into a solid
state binder and then paired with phosphor chip. The separation of the black lighting
units (BLU) by the whole devise consist a major challenge of the recycling
processing. ELPRO (Elektronik-Produkt Recycling GmbH) Company in Germany,
within the framework of cycLED project, developed a dismantling line for the
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separation of BLUs (Figure 26). It was estimated that the exact time for the
separation of BLUs per PC monitor is 372 sec and the operating cost 3.09 Euros22.
Figure 26: Device for the dismantling of LCDs developed by ELPRO Company

Source: cycLED project

The IFAD Institute in Germany investigated the optimization of the dismantling
process proposing a route which is based on the magnetic separation (Figure 27).
However, it was found out that the total separation between the metallic and the

22

Deliverable 5, cycLED project, 7th Framework Programme for Research and
Technological Development, 2016
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plastic contents is impossible. Researchers from the University of Limerick, working
in cooperation with the company ARL, have developed an automatic process which
removes the cold cathode fluorescent lamps (CCFLs) glass and illuminating powder
in LCD TVs. The process pens the LCD TVs via the front of the LCD screen by
cutting away the LCD glass panel. The CCFLs are then crushed and the glass and
other particles are removed by a suction system. The remaining components are
finally recycled with a conventional shredding process followed by material
separation23.
Figure 27: Dismantling process developed by IFAD Institute

Source: Eloa and Sundin, 2014

The recycling of rare earth elements from end-of-life fluorescent lamps, including cold
cathode lamps, for direct re-use in new fluorescent lamps it has been studied as a
recycling route which comprises the separation of the powder fraction from the glass,
metal and plastic fractions of the end-of-life fluorescent lamps. However, a number of
technical difficulties render this approach as not attractive. More specifically, the main
obstacles of the direct recycling are the following (3):
(a) It is applicable only to one type of lamp, because different manufacturers are
using different types of phosphor blends, and one single manufacturer may even
use different phosphor blends

23

Eloa, K., Sundin, E.: Process concepts for semi-automatic dismantling of LCD
televisions, Procedia CIRP 23, 2014, 270 – 275
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(b) Collection of one combined mixed lamp phosphor fraction from end-of-life
fluorescent lamps will result in an inferior end product, which few lamp
manufacturers are willing to use
(c) The recycling of the phosphor powders from the lamps. The removal of the
phosphor powder is relatively straightforward
The chemical processing of cold cathode lamps aiming to the recycling of REEs
currently is not applied at a commercial scale.

RECYCLING OF REE FROM PRODUCTS CONTAINING LEDS
The cycLED project (www.cyc-led.eu) targeted the recycling of REE (yttrium,
lutetium, cerium and europium) from products containing LEDs in the cycled project
from LED-products, i.e. all types of products ranging from LED luminaires to products
which use LEDs for backlighting, e.g. LCD-TVs and monitors. The REEs are
concentrated in the LED converters of white LEDs. To avoid the dilution of the LEDs
and the converters in conventional shredding processes, the LED parts had to be
removed from the products. Trials with mechanical pre-processing failed so that
manual dismantling of these products were the only option. The converters were then
separated from the LEDs using the CreaSolv process
(https://www.creacycle.de/en/the-process.html). Figure 28 illustrates the process
flow.
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Figure 28: Separation of REE-containing converters (yellow material) from LEDs

While the separated converters require a new process for REE recycling, the
remaining parts fit well for the established recycling routes in copper-type smelters
such as those of Aurubis, Boliden and Umicore.
The separated converters needed further treatment. They consist of a ceramic-like
matrix (phosphors, fluorescent poweders) which includes the REEs, and the matrix is
embedded in a silicone matrix. Both the matrix and the phosphors are chemically
inert materials that are difficult to destroy to get access to the REEs.
A number of hydrometallurgical processes have been tested at laboratory scale. The
objective was to process the converters at least to a stage which would enable
recycling the REEs in an established process for REE recycling at the Rhodia plant in
France. This plant processed fluorescent powders from fluorescent lamps to recycle
REEs, which is easier due to the missing silicon matrix.
Acidic and alkaline leaching of the scrap consist the two main approaches which
were investigated within the framework of cycLED project. The first approach
comprises the strong acid leaching at high temperature. All REEs present as oxides
and possibly phosphates can be leached. The second route comprises the alkaline
leaching (using NaOH) at high temperature followed by a hot strong acid leaching.
The alkaline leaching is performed either at atmospheric pressure or at high
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pressure. The latter should enable the decomposition of RE aluminates and produce
RE oxides that can be acid leached. The target elements in both cases were Lu, Ce
and Eu. The results showed that the recycling yield of these three REEs was 83 %,
70 % and 90 % respectively. The REEs content is subsequently received, through
precipitation using oxalic acid, as an oxalates mixture (Figure 27). The chemical
analysis of the mixture showed a relatively good purity, while the concentrations of
Cl, Hg, Cr were detected below the detection limit.
Figure 27: Hydrometallurgical routes for the recycling of LCDs

Source: cycLED project

The high-temperature processing of the scrap material prior to its leaching has been
examined as an option. The scrap is calcinated at 600 °C during one hour in ambient
air. The weight loss during calcination was 11 %. During this process, the silicone is
decomposed to silica. The results showed that the REEs recycling yield, and
especially the recycling yield of Lu, are increased, while the liquors are enriched in
REEs ions rendering their precipitation more efficient.
Based on the material analysis and previous lab experiments on samples with such
compositions, Rhodia confirmed the technical possibility to recycle REEs from this
product in their specific REE recycling process, provided some adaptions in their
processing. The company, however, stopped its REE recycling activities meanwhile.
PROJECTS RELATED TO RECYCLING OF CRM
Many European projects undertook or undertake actions concerning CRM,
overcoming barriers and obstacles related to Critical Raw Materials recycling.
Hereafter are listed some of the most relevant closed and ongoing actions focusing
on CRM.
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CLOSED PROJECTS


CoLaBATS (Cobalt and Lanthanide Recycling from Batteries http://www.colabats.eu): the CoLaBATS project investigated new industrial
processes for recycling the critical metals and key economic metals (in
particular cobalt and lanthanides) from waste batteries. The feasibility of
hydrometallurgical separations for Li-ion and NiMH battery waste based on
use of a deep eutectic solvent (DES) has been demonstrated (the “Colabats
process”).
The CoLaBATS process is a metal extraction process that preserves materials
typically
destroyed in the commercial pyrometallurgical recycling process for Li-Ion and
NiMH batteries (electrolyte, graphite, plastic), making recycling efficiency
results of greater than 50 % possible. This means, for a lithium-ion battery,
recovering cobalt, aluminium, copper, plastic, and graphite.
The DES used in the demonstration was a mixture of lactic acid, choline
chloride, citric acid and water. It has the property that it will dissolve most
metal oxides and metals, is composed of non-toxic ingredients, and is much
less costly than other ionic liquids. This is a key advantage compared to other
processes based on costly and hazardous ionic liquids. The process requires
further development and it may be that other waste streams with combined
metal content may be suitable as feedstock in addition to waste batteries. The
project took a chemical concept at TRL 2 (technology concept formulated) and
advanced it to TRL 5 (technology validated in relevant environment) by means
of a demonstration of the process.
The potential impact of this project is that hydrometallurgical recycling
processes will be developed that allow complete recycling and recycling of all
material in waste batteries and related waste.
The feasibility of hydrometallurgical processes for recycling Li-ion and NiMH
battery waste was analyzed. Unlike furnace-based processes,
hydrometallurgical processes use selective leaching of metallic compounds to
form a solution from which metals can be recovered;



REECOVER (Recycling of Rare Earth Elements from magnetic waste in
WEEE recycling industry and tailings from the iron ore industry http://www.reecover.eu): the REECOVER project aimed to contribute to
European security of supply of Rare Earth Elements (REEs), bringing forward
SME competence and business opportunities in the REE recycling area, as
well as strengthening ties between SMEs and innovative research- and
education institutions. As such, the project has developed, demonstrated and
assessed the viability of recovering REEs, primarily Dysprosium (Dy) and
Neodymium (Nd), that are especially critical to the European economy - from
two types of industrial wastes:
o Apatite tailings from the iron ore industry;
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o Magnetic waste material from the WEEE recycling industry.
These two waste streams were chosen because of:
o Their complementarity in characteristics, giving specific demands on the
recycling technologies to be developed;
o Closed-loop-recycling ambitions and resource efficiency targets: REEs
from raw materials largely end up in WEEE-waste or in mining waste,
and they can become valuable REE-based products for further use.
REECOVER developed two separate routes to give value to both apatite tailings and
magnetic fractions of electronic waste. For the apatite tailings (that needs to be
concentrated to make REE mineral recycling more cost effective), a carbothermic
route to produce both valuable products such as P4 (Period 4 Elements, like
vanadium, gallium, cobalt, germanium, etc.) and calcium carbide (CaC2, a pre-cursor
for acetylene production) where the rare earths are concentrated, has been
demonstrated in laboratory scale. For ferrous WEEE waste, an integrated valuechain for concentrating and recovering the REEs, has been developed. The
benchmark of the technologies developed in REECOVER has been that they are
more energy efficient, have higher yields and better environmental performance than
existing technologies, thus contributing to European Green Economy targets. Both
these value-chains are more energy- and environmentally beneficial that state-of-theart technologies;
ONGOING PROJECTS
CRM (CRITICAL RAW MATERIALS RECYCLING


CRM (Critical Raw Materials Recycling http://www.criticalrawmaterialrecycling.eu): the CRM Recycling project
aims at the implementation of innovative collection and recycling processes
for improving the recycling of CRM from WEEE. Moreover, the CRM
project addresses environmental and depletion aspects aiming at
increasing recycling of CRM from 1 % (recorded in 2016) up to 5 % (by
2020). The project developed collection trials designed to achieve the
following objectives:
o Increase collection of target products (items such as Display,
Consumer electronics, Information Communications Technology and
Small household appliances), by launching a dedicated collection
activity on large scale in Milan;
o Improve collection of target materials (such as Graphite, Cobalt,
Gold, Silver, Platinum Group Metals) by directly managing the
collection trials and by sorting the products in 6 streams: high CRM
stream; other stream and display and monitors.
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o Additionally, ECODOM Recycling Trials (ECODOM is the not-forprofit private consortium established as a compliance scheme by the
leading producers of large household appliances, extractor hoods
and water-heaters operating on the Italian market to manage
WEEE) aimed to increase recycling target for materials as Graphite,
Cobalt, Gold, Silver and Platinum Group Metals and develop a new
hydrometallurgical process to recover Cobalt and Graphite from
batteries.
The recycling trials main goals and results were as follows:
o Test and prepare for reuse the products having reuse potential (flat
panel screens): the testing procedures found that 8 out of 43
screens were fit for preparation for reuse (7 of which declared not
reusable by citizens). This means that the availability of an
organized, reliable and accurate methodology to test the reuse
potential of flat screens, results in a 100 % ‘recycling’ rate of the
CRMs contained within the unit, and produced a business
opportunity in the reselling;
o Precious Metal Recovering: the WEEE collected during the trials
was sorted, separated and pre-processed into CRM-rich and nonCRM-rich fractions in the STENA Technoworld facility equipped with
PMR technology (STENA Technoworld is one of the EU WEEE
recycling leader, with 16 plants located in Sweden, Norway,
Denmark, Poland, Germany and Italy). A general increase in respect
to the traditional mix performance of 102 % of Au, 29 % of Ag, 42 %
of Platinum Group Metals and 2 % of Cu was achieved. These
results (increase in recovered materials) could bring to the
conclusion that the separate treatment will increase the recycling
performances of the treatment plant. A fact worth noticing is that this
was the difference between the two batches processed in the
recycling trials – the first being ‘CRM-rich’ and the second being a
standard ‘traditional’ (low-CRM content) mix;
o Treatment of the batteries: the batteries were treated after putting in
place various specific treatment activities. From the WEEE collected
during the trials, 30 kg of batteries were extracted. The results of the
recycling trial of batteries was a liquid solution characterized by a
very intense colour compatible with a high Cobalt concentration (the
reducing leaching is expected to have an efficiency about 98 %) and
a solid fraction: this is the fraction that contains the Graphite, and
represented the 12 % of the total input material. The recycling of the
Cobalt dissolved in solution was obtained using the selective solvent
CYANEX 272. In fact, the obtained solution contains dissolved
lithium as well, and it is necessary to address the Cobalt uniquely.
The selective extraction through CYANEX needed to be performed
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in a kerosene solution with pH 6. For the optimization of the results,
two extraction cycles were required. The output Cobalt was in a
crystallized solid form. The efficiency of this selective extraction is
estimated to be 90 %. Therefore, the output cobalt is estimated to
be 8 % of input material.
The main result was that the collection of small WEEE increases significantly if
citizens can easily bring in their old devices for recycling. Too often old smartphones,
broken keyboards and outdated cameras end their life in dusty attics or in forgotten
drawers. With regard to the Recycling Trials, the most effective result was realising
the possibility of preparation for reuse, and it was reasonable to further investigate
and implement the set up an organized, reliable and accurate methodology to
perform the preparation for reuse of flat screens. The positive impacts of the
proposed activities are meant to be a driver to effectively promote circularity in
European businesses, ad hoc policy ideas and business improvements.
OTHER ONGOING PROJECTS


NEOHIRE (NEOdymium-Iron-Boron base materials, fabrication techniques
and recycling solutions to Highly Reduce the consumption of Rare Earths
in Permanent Magnets for Wind Energy Application - 2016/2019 http://www.neohire.eu): the NEOHIRE project main objective is to reduce
the use of REE, and Co and Ga, in WTG (Wind Turbine Generator). This
objective is mainly achieved through the development of a new concept of
bonded NdFeB magnets able to substitute the present state-of-the-art
sintered magnets for WT, and new recycling techniques for these CRM
from the future and current PM (Permanent Magnets) wastes.
In this way, the EU external demand of REE and CRM for PM in WTG will
be reduced by 50 %.
One of the main specific goal of the project is to research and develop two
recycling processes to highly increase the CRM recycling rates in NdFeB
PM wastes for sintered PM from current WT (increase from 0 to 70 % the
recovered Nd, separate 100 % of Dy and recover 90 % of Co);



PLATIRUS (PLATInum group metals Recycling Using Secondary raw
materials - 2016/2020 - http://www.platirus.eu): the PLATIRUS project aims
at reducing the European deficit of Platinum Group Metals (PGMs;
Palladium, Platinum and Rhodium), by upscaling to industrial relevant
levels a novel cost-efficient and miniaturised PGMs recycling and raw
material production process. The targeted secondary raw materials will be
autocatalysts, electronic waste (WEEE) and tailings and slags from nickel
and copper smelters, opening-up an important range of alternative sources
of these critical raw materials, with the potential to substitute a large
amount of primary raw materials which are becoming more and more
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scarce in Europe;


e.THROUGH: (2018/2021): the e.THROUGH project has the ambitious
vision of turning the challenge of CRMs dependence into a strategic
strength for Europe, contributing towards declassifying some CRMs, as
tungsten, indium, gallium and chromium, by, among others objectives,
gaining knowledge on innovative processes for recycling secondary CRMs.
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CRM ACCESSIBILITY AND COSTS

EXAMPLE COST BENEFIT ANALYSIS OF CRM RECYCLING
A cost benefit analysis was performed for the process flow researched in the cycLED
project as described in the section “Recycling of REE from Products containing
LEDs” on page 67 was performed for several LED-containing products.
 Two different types of retrofit LED tubes
 four other LED retrofit lamps
 two different size LED TV sets

The following EoL treatment scenarios were compared:
(Separate) collection followed by
1. manual dismantling and sales of fractions
a. without subsequent CreaSolv and converter processing
b. with subsequent CreaSolv and converter processing
2. fully mechanical treatment, which is the standard treatment for such kind of
products provided the LED lamps are not collected and treated with other lamps
and need to undergo specific treatment to avoid mercury emissions from
(C)CFL and CCFL-backlighted TVs and monitors.
The products were dismantled manually assessing the required time and the
resulting dismantling fractions as well as the achievable prices for these fractions.
The results of the mechanical treatment were calculated based on ELPRO’s
experience estimating a 20 to 25 % material loss in the mechanical separation and
prices for fractions from mechanical treatment.
The scale of treatment plants considerably controls their economy and reduces
treatment costs from around 1,200 €/t for an annual capacity of 100 t of LED
stripes/modules down to around 140 €/t for 100,000 t of annual processing capacity.
In 2013, around 60,000 t of gas discharge lamps and lighting equipment were
collected in the EU24, which can be assumed to be replaced by LED products step by
step. The six retrofit lamps assessed in the project – two retrofit LED tubes and four
retrofit LED lamps (rows 1 to 6 in Table 11) can be assumed to be similar to these
lamps. Based on average contents in these retrofit lamps, Table 9 shows how many
of these lamps would have to be collected to generate sufficient input for the different
annual CreaSolv processing capacities.

24

Source: Eurostat, http://ec.europa.eu/eurostat/web/waste/key-waste-streams/weee
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Table 9: Amounts of retrofit LED lamps to be collected for various annual CreaSolv processing
capacities

Source: cycLED project (www.cyc-led.eu)

An annual CreaSolv capacity of 10,000 t would require the collection and treatment
of around 100,000 t of retrofit lamps. The treatment of this waste stream would
generate around 30 t of converters annually for end-processing. Operating 10,000 t
of annual CreaSolv capacity is realistic given the around 60,000 t of lamps collected
in 2013 already. This is even more probable as LED-backlighted consumer and IT
products as well as specific lamps like for example street and industrial lighting add
to the amounts of retrofit lamps, even though their share of LED stripes and
converters in the total product weight is lower.
Table 10 shows the prices of REE and REE oxides used in LED converters. Rare
earth elements oxidize easily, thus implying that the reduction of rare earth oxides to
their metal form is time- and energy consuming. Given their chemical properties as
well as the widespread use of REE oxides in different applications including
phosphor powders, rare earths are mainly traded in oxide form. The REE-oxide
prices were therefore used in the cost-benefit analysis.
Table 10: Overview of rare earth element and oxide prices used for the analysis (status 2014)

Source: Institut für Seltene erden und Metalle e.V., http://institut-seltene-erden.org/aktuelle-und-historischemarktpreise-der-gangigsten-seltenen-erden/, Dr. Ihme, http://dr-ihme.com/; lutetium, personal communication via
e-mail
Y

yttrium

Lu

lutetium

Ce

cerium

Eu

europium

Tb

terbium

The cost of converter processing in the CreaSolv process was estimated with around
10,000 €/t of converters. The costs for end-processing were estimated as well. Table
11 shows the overall cost-benefit situation.
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Table 11: Cost-Benefit situation of EoL treatment scenarios with assumed 10,000 t/a CreaSolv capacity and converter processing cost of 10,000 €/t

Source: cycLED project (www.cyc-led.eu)
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For all retrofit lamps (rows 1-6) the standard mechanical treatment (column A) is
economically superior to manual dismantling (column B). For the TV sets, manual
dismantling is the more profitable option. They have higher contents of high grade
PWB, which achieve a higher price if the devices are not shredded. The TV sets
consist of negative value fractions like the screen glass and the LCD panel. TV set 2
additionally contains higher amounts of low quality plastics with a negative value,
which increase the EoL cost for this type of TV set.
The costs for the converter processing per tonne of LED products (column E in Table
11) are not very sensitive to changes of processing cost for the converter processing.
Converter processing cost of 5,000 €/t instead of 10,000 €/t affects the overall costrevenue situation for the CreaSolv processing and end-converter processing in the
range of few Euro-cents only and does not affect the tendency of the results.
The mass of the converters in one tonne of LED-products is less than 500 g. At the
same time, the prices of the main REE are high - between 8,800 €/t for yttrium-oxide
to 1,100,000 €/t for lutetium-oxide1, c.f. Table 10. Thus, the processing cost hardly
affects the economical outcome of processing the converters in one tonne of LED
products.
The CreaSolv process followed by converter end-processing (column F) is only
profitable for those products that contain LuAG converters, due to the very high price
of lutetium oxide compared to the other REE-oxides as illustrated in Table 10.
The converter processing route therefore can only be profitable for very expensive
REE like lutetium. Yttrium currently is by far too cheap, and Europium, even though
expensive, is used in too small amounts in converters to have a relevant economic
impact. Rising prices for REE in the future could thus enable better economic results.
REE recycling processes will only be used if it is more profitable than the standard
mechanical pre-treatment, unless legal obligations require REE recycling. Overall,
Table 11 illustrates that the converter processing route is only more profitable for
those products which already benefit from the manual dismantling process compared
to mechanical pre-treatment. The manual dismantling process as a precondition for
the CreaSolv process and is the dominant cost factor influencing the profitability of
the converter processing route.
OVERVIEW OF CRM PRICES
The example of the above LED converter recycling shows that the market prices for
the rare earth elements change. Raw material prices are one of the major aspects to
consider in order to correctly evaluate the recycling potential of CRMs. The above

1

Please note that these are the prices from around 2014 assessed during the
cycLED project
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calculations are based on prices from 2014, and the results presented can therefore
differ when prices change, even though the general cost and revenue trends
described in the previous chapter are by far less sensitive to price changes. To show
the volatility of these prices, and to give some insights into CRM prices, the table
below provides information about prices of the most valuable critical raw materials.
The prices of REE in particular are lower now compared to the time of the cycLED
project, which would further question the economic feasibility of REE recycling from
LED converters under the given framework conditions.
Table 12: Prices of CRMs

2

Source and (if
present)
reference year

RAW MATERIALS

PRICE (€/kg)2

Baryte

0.068 – 0.086

(CRM
ALLIANCE, s.d.)
– 2017

Cobalt

39

(U.S. Geological
Survey, s.d.) –
2010

Gallium

130 – 172

(CRM
ALLIANCE, s.d.)
– 2017

Other
information

99.8 % cobalt
cathode
Gallium prices
decreased until
the beginning of
2017, in great
part due to huge
oversupply in
China

Prices are expressed in:
-

USD/ton  exchange rate 0.8592 on 22nd June 2018 (08:50 AM CEST)

-

USD/lb  1 lb = 0.454 kg

-

USD/oz t  1 oz t = 0.03 kg

-

USD/sh.t  1 sh.t = 907.18 kg
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Germanium

1,030

(U.S. Geological
Survey, s.d.) –
2010

Germanium does
not occur in its
elemental state
in nature, but is
found as a trace
metal in a variety
of minerals and
ores
Germanium
(99.9999 % pure)

Hafnium

484

Indium

172

(CRM
ALLIANCE, s.d.)

31 – 18

(CRM
ALLIANCE, s.d.)
– 2011/2016

Niobium
concentrates
(min 50 %
Nb2O5)

214 – 23

(CRM
ALLIANCE, s.d.)
– 2011/2016

Niobium
pentaoxide (min
99.5 %)

136,000

(U.S. Geological
Survey, s.d.) –
2010

102

(U.S. Geological
Survey, s.d.) –
2010

tantalum
pentoxide

18,400

(U.S. Geological
Survey, s.d.) –
2010

Minimum 99 %
pure

12,900

(U.S. Geological
Survey, s.d.) –
2010

Minimum 99.5 %
pure

15,200

(U.S. Geological
Survey, s.d.) –
2010

Niobium

Scandium

Tantalum

Iridium
Platinum
Group
Osmium
Metals
(PMGs)
Palladium

(U.S. Geological
Survey, s.d.) –
2010

Metal ingot
pieces, 99.9 %
purity

Minimum 99.9 %
pure
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46,300

(U.S. Geological
Survey, s.d.) –
2010

Minimum 99.9 %
pure

70,500

(U.S. Geological
Survey, s.d.) –
2010

Minimum 99.9 %
pure

5,700

(U.S. Geological
Survey, s.d.) –
2010

Minimum 99.9 %
pure

660

(U.S. Geological
Survey, s.d.) –
2010

Minimum 99 %
pure metal

344

(U.S. Geological
Survey, s.d.) –
2010

Minimum 99 %
pure metal

57.2 – 57.9

(ISE - Institut für
seltene Erden
und Metalle ,
s.d.) – 2018

Holmium Oxide,
99.5 % min EXW
China

Erbium

(ISE - Institut für
seltene Erden
und Metalle ,
s.d.) – 2018

Erbium Oxide,
99.5 % min FOB
China

Ytterbium

(ISE - Institut für
seltene Erden
und Metalle ,
s.d.) – 2018

Ytterbium Oxid,
99.99 % min
EXW China

(ISE - Institut für
seltene Erden
und Metalle ,
s.d.) – 2018

Lutetium Oxide,
99.99 % min
China

Platinum

Rhodium

Ruthenium

Terbium

Dysprosium

Holmium
Heavy
Rare
Earth
Element
(HREE)

22.5 – 23.4

16.1 – 16.8
565 – 579

Lutetium

Yttrium

67

(U.S. Geological
Survey, s.d.) –
2010

Minimum 99 %
pure metal

Lanthanum

52

(U.S. Geological
Survey, s.d.) –
2010

Minimum 99 %
pure metal
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44

(U.S. Geological
Survey, s.d.) –
2010

Minimum 99 %
pure metal

Praseodymium 96

(U.S. Geological
Survey, s.d.) –
2010

Minimum 99 %
pure metal

Neodymium

98

(U.S. Geological
Survey, s.d.) –
2010

Minimum 99 %
pure metal

52

(U.S. Geological
Survey, s.d.) –
2010

Minimum 99 %
pure metal

675

(U.S. Geological
Survey, s.d.) –
2010

Minimum 99 %
pure metal

47

(U.S. Geological
Survey, s.d.) –
2010

Minimum 99 %
pure metal

Cerium

Light
Rare
Earth
Element
(LREE)

Samarium

Europium

Gadolinium

(n.d.). Retrieved from CRM ALLIANCE: http://criticalrawmaterials.org/
(n.d.). Retrieved from U.S. Geological Survey: https://minerals.usgs.gov/minerals
Focus Economics. (n.d.). Retrieved from https://www.focus-economics.com/
ISE - Institut für seltene Erden und Metalle . (n.d.). Retrieved from http://institutseltene-erden.org/en/

It is worth noticing that prices are highly variable and so the abovementioned ones
should be considered only as indications and are not appropriated for designing
accurate business plans.
SUMMARY AND CONCLUSIONS
Recycling of some metals from WEEE and ELV- mainly precious metals including
PGM, copper, iron, aluminum, lead, tin and some other metals depending on the type
of smelters – is technically and economically feasible under the given framework
conditions.
For other metals including CRMs, the low concentrations and contents require the
separation of components, or even parts of components carrying the CRMs from
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WEEE and ELVs during pre-processing. Mechanical processing often is not viable.
The cycLED-cost-benefit analysis exemplarily shows that manual dismantling in most
cases is a cost driver. Adding to this, additional process steps are required that are
not standard and cause additional cost which in some cases can be compensated
partially by the sales of the secondary raw materials. Compared to the established
treatment routes starting with pre-treatment, the overall economic profits in most
cases are lower or may even be negative, i.e. the overall costs are higher than the
revenues.
If the recycling of CRMs shall become common practice, e.g. by regulations - where
processing technologies are available, the additional cost will have to be
compensated in the course of the extended producer responsibility, taxes or from
other sources.
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