Materials innovation institute M2i

Recycling of metals
from coatings
A desk study

Erik van Westing;Viktoria Savran;Jonathan Hofman (info@m2i.nl)
6/11/2013

Colophon
This desk study was carried out by a team of M2i (Erik van Westing, Viktoria Savran, Jonathan Hofman, Derk
Bol and Bert van Haastrecht).
M2i was supported by the project team of KP.OT (KennisPlatform OppervlakteTechniek) in the Netherlands and
DGO (Deutsche Gesellschaft für Galvano- und Oberflächentechnologie) in Germany. This desk study is
financially supported by AgentschapNL.

2

Executive Summary
As a result of a growing population and a growing wealth a strong pressure is put on natural resources like air,
land, energy commodities and non-energy commodities. The growing demand for energy commodities, like oil,
gas is generally known. Less known is the growing demand for non-energy commodities available in the earth’s
crust like ores and minerals, which are basis to numerous metals and industrial minerals. The demand for these
metals and materials will grow with the growing and more prosperous world population.
A complicating factor is that some metals and industrial minerals can only be mined at certain places in the
world. Countries like China, South Africa, Brazil, Kazakhstan, Russia and Australia are superpowers in this
respect and may use this asset strategically, by applying export restrictions.
The EU is highly dependent on imports of raw materials for its industry. The dependency rate varies from 48%
for copper to 100% for cobalt and platinum. According to the former director-general of the European
Commission’s trade department, Mogens Peter Carl, international negotiations represent only 10% of the total
solution on access to raw materials, whereas further exploration and exploitation of new resources could offer
an extra 20%. Meanwhile, “the major part of the solution – 70% – is on our own backyards,” he said, citing
Europe’s complete domestic control over activities such as waste collection and recycling, waste exports and
the promotion of research on substitution and recovery.
This project is financed by AgentschapNL. The knowledge acquired in this study will be disseminated by
industry associations KP.OT (KennisPlatform OppervlakteTechniek) in the Netherlands and DGO (Deutsche
Gesellschaft für Galvano- und Oberflächentechnologie) in Germany.
The report of this desk study starts in chapter 1 outlining the background of the desk study followed by chapter
2 with an overview of coating technologies and the elements that are involved and which type of products are
being produced by these techniques. These coating application technologies are:
1. Paints
2. Pre-treatments
3. Electroplating
4. Electroless plating
5. Hot dip plating
6. PVD coating
7. CVD Coating
8. Thermal spray coating and (laser) clad coatings
Paints (organic coatings) are included in this study, as some paints contain valuable elements. Generally the
amount of metals in these types of coatings is very small. Electronic materials (WEEE1) are also included. For
all of these application techniques the relevant metal elements were listed. At the end of chapter 2 a
summarising table is presented where also EU data on critical raw materials are added.
Chapter 3 shows a broad overview of recycling techniques. All products will reach the end-of-life (EOL) at some
point in time. Historically, EOL products as well as (household) waste streams were considered low value and
discarded of by landfilling. Based on economic, environmental and resource scarcity grounds, and legislation,
nowadays up to 80% of all products and waste streams are being reused, either for their material or by energy
recovery.
A general overview of the processing of EOL and waste streams is presented. In general, EOL products
undertake the following route:
 Mechanical / manual disassembly (dismantling)
 Size reduction
 Physical Upgrading: Sorting by physical properties, which is relatively easy and energy efficient.
 Metallurgical separation: Upgrading and refining by three well established technologies for metal
recovery: pyrometallurgy, hydrometallurgy and electrometallurgy. An upcoming promising fourth
category is biometallurgy.
 Incineration: Energy recovery and material recovery from slags
 Landfilling: Last hiding place for (currently) not reusable remainders
1
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Depending on the products, more specifically on their (chemical) compositions, various steps need to be
repeated with different process conditions. The available technologies for materials recycling are described in
short terms and a special focus is placed on metal coatings.
In chapter 4 the recycling of selected single metal and multi metal coatings and waste of electronic products (ewaste or WEEE) is discussed. This selection is based on the expected depletion rate, value of the element,
economical importance and on the interest of the project partners.
The following elements were selected and the recycling of these elements related to coatings was discussed in
detail:
 Platinum Group Metals (Pd, Pt, Rh)
 Gold
 Chromium
 Copper
 Nickel
 Silver
 Tin
 Zinc
Platinum Group Metals
The platinum group metals (PGMs) are six transitional metal elements that are chemically, physically and
anatomically similar. PGMs include: Iridium (Ir); Osmium (Os); Palladium (Pd); Platinum (Pt); Rhodium (Rh) and
Ruthenium (Ru). In this analysis only the three most interesting elements from recycling point of view elements
are reviewed: palladium, platinum and rhodium.
Palladium, platinum, and rhodium (PPR) represent the key materials for automotive exhaust gas treatment.
Another major application area of PPR is in electronic industry. PPR recycling rate from the EOL products in
automotive sector reaches currently only 50-60%. Waste from electrical and electronic equipment (e-waste or
WEEE) is the fastest growing waste category, however the recycling rates for PPR in electronic applications are
currently account for only 5-10%. Palladium-containing components are used in virtually every type of electronic
device. Due to limited source availability, price volatility (the price for palladium more than doubled in the last 5
years) and growing demand from automotive and electronic industries, palladium recycling is one of the hot
topics on the industrial agenda.
Platinum is an interesting metal to be considered for recycling due to limited resource availability and high price
of platinum. Analogue to palladium, the total amount of recycled platinum from the automotive catalysts in the
Netherlands may be estimated as 300 kilogram per year; a market value of 12 million euros.
Rhodium is considered best in class of all the platinum metals family for resistance to corrosion and tarnish.
Due to high price and increasing demand from industry, rhodium is a potentially interesting metal to be
considered for recycling. Analogue to palladium and platinum, the total amount of recycled rhodium from the
automotive catalysts in the Netherlands may be estimated at 6 kilogram per year; a market value of two million
euros.
Gold
Methods to recover the precious metals from leachates include cementation, solvent extraction, adsorption on
activated carbon, and ion exchange. The traditional medium for dissolving gold and platinum group metals is
aqua regia, a mixture of three parts concentrated hydrochloric acid to one part concentrated nitric acid. Using
aqua regia as a leachant to recycle metals in waste Printed Wire Boards (PWBs), about 97 wt.% of the input
gold was recovered with the help of a toluene extraction, about 98 wt.% of the input silver was recovered
without additional treatment, and about 93 wt.% of the input palladium was precipitated. Despite the high
recovery rate of regia leaching, it has many disadvantages, which prohibit its wide industrial application.
Moreover, the chlorine gas produced in the reactions is highly poisonous and may cause serious health risks.
Umicore has developed technology to recycle seventeen metals, including seven precious metals in one plant:
Ag, Au, Pt, Pd, Rh, Ru, Ir, In, Se, Te, Pb, Sn, Sb, Bi, As, Ni and Cu. The plant is divided into two major
operational lines: Precious Metals Operations and Base Metals Operations. Precious Metals Operations is
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composed of Smelter, Leaching and Electro-winning and precious metals refining. Other large players in this
market are Boliden and Johnson Matthey.
Chromium
Recycling of chromium is mainly reported as constituent of stainless steel. It is estimated that less than one per
cent of chromium is used for coating applications. Recycled chromium will often return in lower grade streams,
as separation of the specialty alloys from other scrap is never complete; some chromium units are admixed with
general ferrous or other scrap.
Copper
The process of copper recycling follows roughly the same steps as are used to extract copper, but requires
fewer steps. High purity scrap copper is melted in a furnace and then reduced and cast into billets and ingots;
lower purity scrap is refined by electroplating in a bath of sulphuric acid. Copper alloys are usually recycled by
careful analyses of its composition after which pure copper may be added to produce new alloys.
An alternative method for copper (and various other metals) recycling from PWB is first using physical
processes to reduce the waste stream into equally sized ~1 mm diameter pieces. Secondly, metal containing
parts are separated from non-metallic parts using corona electrostatic separation and hydro-cyclone separation.
Next, copper, together with palladium and gold, is separated from the other metals using a hydrometallurgical
process, more specifically, nitro-hydrochloric acid. After these metals have been dissolved, they are separated
using electrolytic reduction in four successive steps with four different electrolytic cells. Copper is separated
first as it has the highest deposition rate. With this process 21 kg of copper could be recovered from a total
PWB waste of 125 kg. Note that this is close to the average 20% copper content of PWB waste; a near to 100%
efficiency was realized.
Nickel
The recycling of nickel as constituent from scrap stainless steel is generally performed by reinserting the
recovered nickel containing alloy into new stainless steel. Nickel from recycled batteries is also reused in
nickel-containing stainless steel. Nickel is generally used in combination with other elements to produce alloys.
The nickel content in alloys can vary from 1-3% for special engineering steels, 8- 4% for stainless steels, 1540% for special engineering alloys, 40-90% nickel for special alloys for the aerospace and electronics
industries. As usual practice nickel containing alloys are recycled as the same special alloy. The stringent
specifications and the cost of achieving these special alloys can justify having their own closed loops. If the
identity of the alloy can be maintained from fabrication to end-of-life of the component, the alloy producer can
use that scrap alloy to make new alloy components. This is economically and environmentally efficient as it
allows the producer to achieve high quality product specifications without incurring extra refining or qualification
costs. 57% of discarded nickel is recycled within the nickel and stainless steel industries, and 14% is lost to
other metal markets where nickel is an unwanted constituent of carbon steel and copper alloy scrap.
Silver
The main source of secondary silver originates from photography and x-ray images. Nowadays the transfer to
digital photography is going on. Silver in PWBs is being recovered in the before mentioned precious metals
recycling schemes.
Tin
Volume wise the major application of tin is in soldering, the second application is in chemicals and the third is in
tinplate. Tin from the first and the third applications is recoverable. For the recovery of tin from e-waste a
specific hydro chemical route was developed recovering 95% of the tin from PWBs. Tin plate is being recycled
commercially using an alkaline process.
Zinc
Recycling of zinc can be performed in several ways:
 During steel making in an Electric Arc Furnace
 Using hydrometallurgical techniques
 During refurbishing
5

For the recovery of zinc from an Electric Arc Furnace (EAF) dust, the industrial property situation was reviewed.
The process most used in Europe, is the Waelz-process (zinc recovery rate about 62%), which is not the most
efficient from the point of view of the recovery rate of zinc. Competitive processes like Rotary Hearth Furnace
(RHF) owned by Nippon Steel and Sumitomo Metal Corporation and patented in 2002 (recovery rate of zinc is
92%), and Top Submerged Lance (TSL) reactor, patented in 1990, recently acquired by Outotec (recovery rate
of zinc is between 68.8 and 72.8%). Both processes are not royalty free, and more important is the observation
that the RHF-process does not run economically and the TSL-process was recently developed and does not
have a track record like the Waelz-Kiln. The Waelz-process was developed early 20th century and first patented
in 1913, which is royalty free by now, and the equipment was readily available as they became redundant since
the commercial implementation of the jarosite process and other hydrometaIlurgical treatment processes for the
recovery of zinc from neutral leach residues.
Also attention is being paid how to deal with the recycling of zinc alloy coatings. The recycling options are
determined by thermodynamics in these cases.
In chapter 5 of the report a set of guidelines is presented to enhance recycling of metal coatings: Eco Design.
Four aspects of Eco Design are being discussed:
 Design to know what
o Ideas for measures for the identification of coatings
 Design for reuse
o Direct introduction of recycled materials in the production process of new materials
 Design for physical separation
o Enhanced separation of coating and substrate by designed physical properties
o Self-delamination coatings
o Prevention of metal bonding or alloying
 Design for metallurgical separation
o In modern equipment many metals are combined to achieve the optimum performance. Some
of these combinations cannot be separated anymore. Based on thermodynamics the design
(choice of materials) can be optimized for recycling purposes.
In chapter 6 concluding remarks and recommendations are given on how the recycling of recovery of relevant
metal coatings can be enhanced.
These conclusions are:
 A wide range of processes are in place to recover metals from waste. For the metals that are reviewed
in detail, there are several options for recycling.
 Some of these processes are specifically designed for the recycling of metal coatings like zinc and tin.
Others are integrated processes that recover several metals together. Recycling of expensive
(precious) and scarce metals, such as used in coatings in car catalyst and electronic consumer
products should be performed in integrated processes. The integrated smelter of Umicore and the
Kaldo furnace used by Boliden are good examples.
 Metals from coatings can also be recycled by inserting coated scrap as a specific scrap quality to
produce a special alloy, like Corten steel, that contains a certain amount of copper. Tin plated steel
can be inserted in a Blast Furnace or an Electric Arc Furnace. This is not detrimental for the steel
quality.
 Many coatings are recycled by inserting coated scrap in an Electric Arc Furnace. However, the coating
elements often become minor contaminants in the alloys that are being produced. Zinc however
evaporates and is captured in the dust after condensation.
 Often the product is shredded and the remains are sorted. In most cases this step should be
succeeded by metallurgical processing, as the remaining fractions are often contaminated with other
metals.
 Special attention should be paid to optimizing the route for dismantling and recycling. The process
should not only focus on one or two elements and leave the rest unused.
 Large losses of scarce and / or expensive metals occur due to export of waste to foreign countries.
Informal recycling and low-technology processing often seen in developing countries sharply limits the
recovery of metals from these products.
6



The cost of logistics plays a major role in recycling. For example the transportation of large volumes of
concentrated electrolytes is economically not feasible.

A major increase of the recycling rate could be obtained by improvement of the collection of waste. Regarding
e-waste collection in general, the average annual collection rate within the EU is about five kilos per person,
while it is expected that each inhabitant generates 15 kg of e-waste annually. Within the EU as a whole, it is
estimated that 25% of the medium-sized appliances and 40% of the larger appliances are collected and treated.
The rest, the remaining 60% to 75% is exported, incinerated or landfilled.
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1.1

Introduction
Aim and objective of this study

The motivation for this study was found in the fact that some metals that are used in coatings, are becoming
increasingly scarce. Proven reserves are limited. A large part of these materials are mined in China and in
countries on the African continent. These countries use these materials increasingly for their own production
and development, which limits export. To guarantee our supply of rare metals it will be necessary to mine these
materials at even more difficult places. This results in an increase of the costs. A further increase of the cost will
be the result of limited availability of these materials. Resource efficiency and recycling of rare metals are
strategic issues for companies. Recycling should result in a closed materials loop without losses, this direction
is further supported by EU legislation.
The aim of this desk study is to make an inventory of available techniques to recover rare metals from waste
streams of materials. The study focuses on recovery and or reuse of scares metals from surface layers.
This project is financed by AgentschapNL. The knowledge acquired in this study will be disseminated by
industry associations KP.OT (KennisPlatform OppervlakteTechniek) in the Netherlands and DGO (Deutsche
Gesellschaft für Galvano- und Oberflächentechnologie) in Germany.
1.2

Background

A growing population in the world and growing wealth puts a strong pressure on our natural resources like air,
water, land, energy commodities and non-energy commodities. The growing demand for energy commodities
like oil, gas and coal are generally known. Less known is the growing demand for non-energy commodities
available in the earth’s crust like ores and minerals, which are basis to numerous metals and industrial minerals.
The demand for these metals and materials will grow with the growing and more prosperous world population.
A complicating factor is that some metals and industrial minerals can only be mined at certain places in the
world. Countries like China, South Africa, Brazil, Kazakhstan, Russia and Australia are superpowers in this
respect and may use this asset strategically, by applying export restrictions.
The EU is highly dependent on imports of raw materials for its industry. The dependency rate for minerals
ranges from 48% for copper ore and 78% for nickel to 100% for materials such as cobalt, platinum and titanium.
According to the former director-general of the European Commission’s trade department, Mogens Peter Carl,
international negotiations represent only 10% of the total solution on access to raw materials, whereas further
exploration and exploitation of new resources could offer an extra 20%. Meanwhile, “the major part of the
solution – 70% – is on our own backyards,” he said, citing Europe’s complete domestic control over activities
such as waste collection and recycling, waste exports and the promotion of research on substitution and
recovery.
1.3

Government legislation on waste and recycling

As European society has grown wealthier it has created more and more rubbish2. Each year in the European
Union alone we throw away 3 billion tons of waste - some 90 million tons of it hazardous. This amounts to about
6 tons of solid waste for every man, woman and child, according to Eurostat statistics3. It is clear that treating
and disposing of all this material - without harming the environment - becomes a major headache.
Between 1990 and 1995, the amount of waste generated in Europe increased by 10%, according to the
Organisation for Economic Cooperation and Development (OECD). Most of what we throw away is either burnt
in incinerators, or dumped into landfill sites (67%). But both these methods create environmental damage.
Landfilling not only takes up more and more valuable land space, it also causes air, water and soil pollution,
discharging carbon dioxide (CO2) and methane (CH4) into the atmosphere and chemicals and pesticides into
the earth and groundwater. This, in turn, is harmful to human health, as well as to plants and animals. 2

2
3

http://ec.europa.eu/environment/waste/index.htm (last visited 8-2-2013)
http://epp.eurostat.ec.europa.eu/portal/page/portal/waste/introduction/ (last visited 8-2-2013)
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By 2020, the OECD estimates, we could be generating 45% more waste than we did in 1995. Obviously we
must reverse this trend if we are to avoid being submerged in rubbish. But the picture is not all gloomy. The
EU's Sixth Environment Action Programme identifies waste prevention and management as one of four top
priorities. Its primary objective is to decouple waste generation from economic activity, so that EU growth will no
longer lead to more and more rubbish, and there are signs that this is beginning to happen. In Germany and the
Netherlands, for example, municipal waste generation fell during the 1990s.2
The EU is aiming for a significant cut in the amount of rubbish generated, through new waste prevention
initiatives, better use of resources, and encouraging a shift to more sustainable consumption patterns.
The European Union's approach to waste management is based on three principles: 2
 Waste prevention
This is a key factor in any waste management strategy. If we can reduce the amount of waste
generated in the first place and reduce its hazardousness by reducing the presence of dangerous
substances in products, then disposing of it will automatically become simpler. Waste prevention is
closely linked with improving manufacturing methods and influencing consumers to demand greener
products and less packaging.
 Recycling and reuse
If waste cannot be prevented, as many of the materials as possible should be recovered, preferably by
recycling. The European Commission has defined several specific 'waste streams' for priority attention,
the aim being to reduce their overall environmental impact. This includes packaging waste, end-of-life
vehicles, batteries, electrical and electronic waste. EU directives now require Member States to
introduce legislation on waste collection, reuse, recycling and disposal of these waste streams.
Several EU countries are already managing to recycle over 50% of packaging waste.
 Improving final disposal and monitoring
Where possible, waste that cannot be recycled or reused should be safely incinerated, with landfill only
used as a last hiding place. Both these methods need close monitoring because of their potential for
causing severe environmental damage. The EU has recently approved a directive setting strict
guidelines for landfill management. It bans certain types of waste, such as used tyres, and sets targets
for reducing quantities of biodegradable rubbish. Another recent directive lays down tough limits on
emission levels from incinerators. The Union also wants to reduce emissions of dioxins and acid gases
such as nitrogen oxides (NOx), sulphur dioxides (SO2), and hydrogen chlorides (HCl), which can be
harmful to human health.
For some products separate European Directives were adopted:
End-of-life Vehicles4
The European Directive 2000/53/CE (EC 2000)5 establishes minimum levels of resources and energetic
recoveries that must be obtained for end-of-life Vehicles (ELVs). Member states have to take the necessary
measures to ensure the following targets are met:
 By no later than 1 January 2006, the resource recovery for all ELVs must be at least 85% of the
average weight per vehicle and year, and the energy recovery must be at least 5% of the average
weight per vehicle and year;
 And by no later than 1 January 2015, the resource recovery for all ELVs must be at least 95% of the
average weight per vehicle and year, while the energy recovery must be a minimum of 10% of the
average weight per vehicle and year.
Waste Electrical and Electronic Equipment (WEEE)6
The Waste Electrical and Electronic Equipment Directive (WEEE Directive) is the European Community
directive 2002/96/EC7 on waste electrical and electronic equipment (WEEE) which, together with the RoHS
http://ec.europa.eu/environment/waste/elv_index.htm (last visited 8-2-2013)
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=CONSLEG:2000L0053:20050701:EN:PDF Directive 2000/53/EC (last visited 82-2013)
6 http://ec.europa.eu/environment/waste/weee/index_en.htm (last visited 8-2-2013)
7 http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2003:037:0024:0038:en:PDF (last visited 8-2-2013)
4
5
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Directive 2002/95/EC8, became European Law in February 2003. The WEEE Directive set collection, recycling
and recovery targets for all types of electrical goods, with a minimum rate of 4 kilograms per head of population
per annum recovered for recycling by 2009. The RoHS Directive set restrictions upon European manufacturers
as to the material content of new electronic equipment placed on the market.
Other EU directives are on:
 Batteries9,10
 Packaging and packaging waste11

1.4

Materials scarcity

In 2012, M2i investigated -together with TNO- the current situation on critical materials in the Dutch industry12. It
was concluded that 75% of the companies that were interviewed were familiar with critical materials, using
different terminology.
From the 35 critical elements on the EU-list, see Table 1, 12 are being used by Dutch companies. Most
mentioned elements are cobalt, magnesium, graphite, tungsten (alloying element for steel) and neodymium
(necessary for permanent magnets). Surprisingly only seven of these elements are experienced as critical by
the companies themselves. These are cobalt, germanium, indium, niobium, tantalum, neodymium and
lanthanum. Besides these materials 14 others are mentioned as critical for them, while those are not on the EUlist. Remarkable materials in this set are: nickel and chromium (alloying element of stainless steel), copper and
special ingredients for plastics.
Table 1: Scarce metals from EU-list, completed based on interest of project partners of M2i-TNO scarcity study12.

Element
Antimonium (Sb)
Berylium (Be)
Cobalt (Co)
Fluorspar
Gallium (Ga)
Germanium (Ge)
Carbon (C)
Indium (In)
Niobium (Nb)
Tantalum (Ta)
Tungsten (W)
Antimonium (Sb)

PGM Group
Platinum (Pt)
Iridium (Ir)
Osmium (Os)
Palladium (Pd)
Ruthenium (Ru)
Rhodium (Rh)

REM Group
Yttrium (Y)
Neodymium (Nd)
Cerium (Ce)
Lanthanium (La)
Scandium (Sc)
Dysprosium (Dy)
Samarium (Sm)
Terbium (Tb)
Praseodymium (Pr)
Promethium (Pm)
Europium (Eu)
Gadolinium (Gd)
Holmium (Ho)
Erbium (Er)
Thulium (Tm)
Ytterbium (Yb)

Other
Steel (Some qualities)
Nickel (Ni)
Chromium (Cr)
Lithium (Li)
Molybdenum (Mo)
Aluminium (Al)
Strontium (Sr)
Titanium (Ti)
Copper (Cu) / Brass
Zinc (Zn)
Tin (Sn)
Zirconium (Zr)
Silicon (-carbide) quartz
Magnesium (Mg)

Relevant elements for this study, selected by the members of this project.

http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2003:037:0019:0023:en:PDF (last visited 8-2-2013)
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=CELEX:32006L0066:EN:NOT Directive 2006/66/EC (last visited 8-2-2013)
10 http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=CELEX:32008L0012:EN:NOT Directive 2008/12/EC (last visited 8-2-2013)
11 http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2004:047:0026:0031:EN:PDF DIRECTIVE 2004/12/EC (last visited 8-22013)
12 Kritieke materialen en de Nederlandse technologische industrie, april 2012, www.m2i.nl
8
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1.5

Outline of the report

This report begins with an Executive Summary, which is followed by this introduction chapter that describes the
background and the field of the desk study.
Chapter 2 summarises relevant coating application techniques and lists the types of products that are coated
and the elements that are used in the coatings applied with these techniques. This is also basis to the review of
the collection processes in the end-of-life stage.
Chapter 3 gives a broad overview of recycling techniques with some examples. Were relevant the recycling of
coatings is addressed.
Chapter 4 describes the current status of the recycling of a selection of metal coatings and Chapter 5
elaborates on Eco Design and how recycling of metal coatings may be enhanced.
The report is completed with Concluding Remarks and Recommendations.

14

2

Coatings and Application Techniques

2.1

Introduction

Coatings are applied to improve the aesthetics or functional properties of surfaces, like corrosion resistance,
friction, hardness, impact resistance, adhesion, surface tension, etc.. By applying a coating, much less
sophisticated, and often also much cheaper, material may be used for the bulk of the product.
At the end of the service life of a coated product the full product is generally discarded or recycled as a whole
without treating the surface layer separately. This results in undesirable mixing of the recovered material.
In this chapter the coatings will be treated by application technique, as this is related to the type of products.
Furthermore the metals used per application technique will be identified.
The following application techniques will be treated in this chapter:
1. Paints
2. Pre-treatments
3. Electroplating
4. Electroless plating
5. Hot dip plating
6. PVD coating
7. CVD Coating
8. Thermal spray coating and (laser) clad coatings
Paints are included in this study, as some paints contain valuable elements as pigments. Generally the amount
of metals in these types of coatings is very small. Other sources for valuable metals in the end-of-life stage are
Electronic materials (WEEE), which are also included.
At the end of this chapter a summarising table will be presented.
2.2

Paints

Valuable metallic pigments (a.o. noble metals like gold and silver, and valuable metals like bismuth) are used in
paints on high end products to achieve special effects, like gloss, glitter, multicolour and shimmer effects13,14. A
mind map of the use of metals in paints is given in Figure 1.

Figure 1: Paint and metal pigments used in paints.

In Figure 2 a picture is included of painted products with effect pigments based on bismuth oxychloride
(BiOCl)15. This effect cannot be reached by pearlescent pigments made from mica platelets.
13
14

http://www.merck-performance-materials.com/en/coatings/coatings.html (last visited 5-2-2013)
http://www.eckart.net/ (last visited 5-2-2013)
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Figure 2: Example of coated products with pigments based on bismuth
oxychloride (BiOCl)15.

Another market for effect coatings is the automotive industry. Nowadays a large number of cars have an effect
coating16.

Figure 3: Effect coating on a car16.

These types of pigmented coatings are being used in luxury cars, but also on bicycles, motorcycles and
scooters, high end consumer goods and building materials. After scrapping the products with these coatings will
be collected at:
 WeCycle (WEEE)
 Waste collectors
 Demolition contractors and scrap traders
 Automotive Recycling Nederland (ARN)
The elements to recover from these coating layers are: Ag, Al, Au, B, Ba, Be, Bi, Ca, Cr, Fe, Mg, Pb, Sb,
Ti and Zn. The most important element to recover from these types of coatings are: Ag, Au, Cr, Pb,
Sb, and Zn

2.3

Pre-treatments

Pre-treatments are applied on metal surfaces in order to improve adhesion of coatings and bonds and also to
improve the corrosion performance of the surface itself17, 18. These metal surfaces may comprise of bare steel,
aluminium, zinc, or a thin layer of tin, zinc, aluminium or an alloy. A mind map of pre-treatments and
applications is given in Figure 4.

http://www.merck-performance-materials.com/en/coatings/coatings_biflair/coatings_biflair.html (last visited 5-2-2013)
http://www.merck-performance-materials.com/en/coatings/automotive_oem_coatings/automotive_oem_coatings.html (last visited 5-22013)
17 ASM Handbook, Vol 05 - Surface Engineering, Dip, Barrier, and Chemical Conversion Coatings (1994)
18 Private communication D.H. van der Weijde, Tata Steel
15
16
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Figure 4: Types of pre-treatments used in industry.

Examples are:
 Cerium nitrate
 Cr(III)-based
 Cr (VI)-based
 Manganese phosphate
 Molybdate
 Silanes
 Sodium silicates
 Titanates
 Zinc chromates
 Zinc phosphates
 Zirconates
These types of pre-treatments are being used in consumer goods, packaging, building materials, white goods
and cars19. After scrapping the products with these coatings will be collected at:
 WeCycle (WEEE)
 Waste collectors
 Demolition contractors and scrap traders
 Automotive Recycling Nederland (ARN)
The elements to recover from these coating layers are: Ce, Cr, Mn, Mo, Ni, Si, Ti, Zn and Zr. The most
important element to recover from these types of coatings are: Cr, Ni, Zn, and Zr.

19

http://www.ppg.com/coatings/autooem/products/Pages/Pretreatment.aspx (last visited 5-2-2013)
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2.4

Electroplating

Electroplating is a technique widely used in industry for coating metal objects with a thin layer of a different
metal20. The deposited metal layer has some desired property, which the base material lacks. Some of the
purposes for which articles are electroplated are:
1. Appearance
2. Protection
3. Special surface properties
4. Engineering or mechanical properties.
These categories are not very distinct, and sometimes overlapping. A layer applied for decorative purposes,
should also be protective in some manner.
A mind map of electroplated coatings and applications is given in Figure 5.

Figure 5: Electroplated coatings and products.

Electroplating is applied for many applications. Examples of elements and alloys used for electroplated coatings
are:
 Brass
 Chromium
 Cobalt
 Copper
 Copper-lead (Bronze)
 Copper-zinc (Brass)
 Gold
 Indium
 Nickel
 Platinum
20

ASM Handbook, Vol 05 - Surface Engineering, Plating and Electroplating (1994)
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Rhodium
Silver
Tin
Zinc
Zinc-iron
Zinc-nickel

Nickel is the element most used as plating material. However when exposed to the atmosphere, rapid tarnishing
and slow superficial corrosion occur. For this reason, nickel coatings are seldom used alone, but they are widely
used as undercoats beneath bright chromium to give decorative and protective schemes for steel, zinc-alloy
and copper-alloy consumer goods in the automotive and domestic hardware industries. Used in this way,
corrosion of the nickel undercoat is confined to localized pitting which develops at discontinuities in the
chromium layer and which will eventually penetrate to the substrate.
Electroplating is in use for many applications, some of them of increasing importance today. Electroplated
coatings are used nowadays also for purposes other than corrosion prevention or decorative appeal. Copper is
an excellent conductor of electricity and is therefore basic to items as printed circuits and communications
equipment. Copper quickly forms tarnish films, which interfere with joining operations as soldering and also
make contact resistances unacceptably high in relays and switches. Soldering is improved by application of tin
coatings of or tin-lead alloys onto copper, and for even better contacts overplates of gold are frequently
required. Also other surface properties may require modifications; if light reflection is important, a silver or
rhodium plating may be needed. In wave guides for radar, high electrical conductivity is the most important
criterion, and silver is the preferred coating. Copper plating is also being used to improve heat conduction.
Good bearing properties may require coatings of tin, lead or indium. If a hard surface is required, chromium or
nickel usually will serve. These few examples illustrate another use of metal finishing; to modify the surface
properties, either physical or chemical, to make them suitable for the intended use. In Figure 6 some examples
of electroplated products are shown.

Figure 6: Some examples of products with electroplated coatings.

After scrapping the products with these coatings will be collected at:
 WeCycle (WEEE)
 Waste collectors
 Automotive Recycling Nederland (ARN)
 Demolition contractors and scrap traders.
The elements to recover from these coating layers are: Ag, Au, Co, Cr, Cu, In, Ni, Pb, Pt, Rh, Sn and Zn.
2.5

Electroless plating

Electroless plating is a process used to plate a surface without the need of an electric current. In this way
besides metals, also non-conductive materials like plastics can be plated. After applying an activation layer, like
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acid etching or the application of seeds like aluminium, copper, gold, iridium, nickel, palladium, platinum,
rhodium or silver, another layer can be deposited by electroplating21 or by electroless plating22.
Electroless plating is also increasingly being used in the manufacturing of microelectronics devices,
bioelectronics devices, and portable electronics. Examples of novel techniques can be found in papers of
Sugimura and Hiroyuki23 and Garcia and Alexandre24.
For other relevant information see the section on electroplating.
2.6

Hot dip plating

Metals and alloys that can be applied as coatings to steel in a continuous hot dip process are limited to those
with a melting point low enough to allow the base material to be pulled through a coating bath without tearing25.
For steel these include coatings made from zinc, zinc-iron alloy, aluminium, aluminium-silicon alloy, Zn-5Al
alloy, 55Al-Zn alloy, and lead tin alloy. Metals such as chromium and titanium cannot be applied to steel by hot
dipping because of their high melting points. Tin, which was applied only by hot dipping prior to 1937, is now
almost always electrodeposited. This is because it is very difficult to produce the thin and uniform coatings
required for tinplate by means of hot dipping. A mind map of hot dip plating coatings and applications is given in
Figure 7.

Figure 7: Hot dip plating coatings and products.

Examples of hot dip coatings materials are:
 Aluminium
 Lead
 Magnesium
 Nickel
 Tin
 Zinc

Recent trends in metal alloy electrolytic and electroless plating research: a review, Larson, C.; Smith, J. R., TRANSACTIONS OF THE
INSTITUTE OF METAL FINISHING Volume: 89 Issue: 6 Pages: 333-341, 2011
22 Direct copper electroless deposition on a tungsten barrier layer for ultralarge scale integration, Journal of the Electrochemical Society
[0013-4651] Kim, YS yr:2005 vol:152 iss:2 pg:C89 -C95
23 Self-aligned nucleation of gold onto templates with a nano-scale precision fabricated by scanning probe lithography
Journal of photochemistry and photobiology. A, Chemistry [1010-6030] Sugimura, Hiroyuki yr:2011 vol:221 iss:2-3 pg: 209-213
24 Localized Ligand Induced Electroless Plating (LIEP) Process for the Fabrication of Copper Patterns Onto Flexible Polymer Substrates,
Advanced functional materials [1616-301X] Garcia, Alexandre yr:2011 vol:21 iss:11 pg: 2096-2102
25 ASM Handbook, Vol 05 - Surface Engineering, Batch Hot Dip Galvanized Coatings (1994)
21
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These types of platings are being used in consumer goods, building materials (galvanised steel strip,
galvannealed strip and structural steel), white goods and cars. After scrapping the products with these coatings
will be collected at:
 WeCycle (WEEE)
 Waste collectors
 Automotive Recycling Nederland (ARN)
 Demolition contractors and scrap traders.
The elements to recover from these coating layers are: Al, Mg, Ni, Pb, Sn and Zn. The most important
element to recover from these types of coatings are: Ni, Sn, and Zn.

2.7

PVD coating

PVD is the abbreviation of Physical Vapour Deposition. PVD coating is a variety of plasma deposition methods.
The materials are vaporized under vacuum coating conditions to obtain a PVD coating by condensation on a
work piece. PVD coatings are generally used to improve hardness, wear resistance, oxidation resistance and
also for decorative purposes26,27. A mind map of PVD coatings and applications is given in Figure 8.
Examples of PVD coatings materials are:
 Aluminium
 Borium
 Chromium
 Nickel
 Palladium
 Platinum
 Silicon
 Titanium
 Tungsten
 Zinc

Figure 8: PVD coatings and products.

PVD coatings are generally used in:
26
27

ASM Handbook, Vol 05 - Surface Engineering, Plasma-Enhanced Chemical Vapor Deposition (1994)
Guide to exploitation of PVD, KennistransferCentrum Bouw & Industrie (KCBI), 2010, ISBN: 978-90-815273-1-6
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Decorative coatings: eyewear, door handles, bathroom equipment, jewellery and watches, automotive
interior and exterior parts, consumer products (mobile phones, computers and cameras).
Packaging (chips, peanuts, etc.).
Tribological coatings: automotive engines and gears (CrN, diamond like carbon (DLC) and tetrahedral
amorphous carbon (ta-C)).
Cutting tools coatings: lowering of wear (TiN, TiCN, AlTiN, CrN, TiSiN, AlCrN)

Examples of products with a PVD-coating are given in Figure 10.

Figure 10: Examples of products with a PVD-coating.

After scrapping the products with these coatings will be collected at:
 WeCycle (WEEE)
 Waste collectors
 Automotive Recycling Nederland (ARN)
 Scrap traders.
The elements to recover from these coating layers are: Al, B, Cr, Cu, Ni, Pd, Pt, Si, Ti, W and Zn. The most
important element to recover from these types of coatings are: Cr, Cu, Ni, Pd, Pt, W and Zn
2.8

CVD Coating

Chemical Vapour Deposition (CVD) is an atmosphere controlled process conducted at elevated temperatures
(~1050° C) in a CVD reactor. During this process, thin-film coatings of metallic and non-metallic materials are
formed as the result of reactions between various gaseous phases and the heated surface of the tools in the
CVD reactor. By transporting different gases through the reactor, different coating layers are formed on the
tooling substrate28.
The final product of these reactions is a hard, wear-resistant coating that exhibits a chemical and metallurgical
bond to the substrate. CVD coatings provide excellent resistance to the types of wear and galling typically seen
during many metal-forming applications. A mind map of CVD coatings and applications is given in Figure 11.

28

ASM Handbook, Vol 05 - Surface Engineering, Chemical Vapor Deposition of Nonsemiconductor Materials (1994)
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Figure 11: CVD-coatings and products.

Examples of products with a CVD-coating are given in Figure 12.

Figure 12: Examples of products with a CVD-coating.

CVD coatings are generally used in29,30:
 Tools: Punches and dies
 Integrated circuits
 Window and displays
 Optics
 Machinery: Lowering friction, Diamond Like Carbon
After scrapping the products with these coatings will be mainly collected at:
 WEEE Cycle
 Scrap traders
 Waste collectors
The elements to recover from these coating layers are: Al, B, In, Mo, Ni, Re, Ta, Ti, W and Zr. The most
important element to recover from these types of coatings are: In, Ni, Re, Ta, W and Zr.

29
30

http://www.richterprecision.com/cvd-coatings.html (last visited 26-1-2013)
http://www.morgantechnicalceramics.com/products-materials/coatings/hard-coatings/ (last visited 6-2-2013)
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2.9

Thermal spray coating and (laser) clad coatings

Thermal spray is a group of processes in which a feedstock material like metallic, ceramic, cermet, and some
polymeric materials is heated to near or somewhat above their melting point. The resulting molten or nearly
molten droplets of material are propelled as individual particles or droplets in a gas stream and projected
against the surface to be coated (i.e., the substrate). On impact, the droplets flow into thin lamellar particles
adhering to the surface, overlapping and interlocking as they solidify. The total coating thickness is usually
generated in multiple passes of the coating device31. Thermal spray coatings are being used to improve surface
properties and also for local repair of worn surfaces. A mind map of thermal spray coatings and applications is
given in Figure 13.

Figure 13: Thermal spray coatings and products.

Type of processes for thermal spray coatings are31,32:
 Combustion or flame spray
 Plasma spray
 High Velocity Oxygen Fuel (HVOF)
 Arc wire spray
Thermal spray coatings are used in33,34:
 Landing gear
 Gas turbines
 Pulp and paper industry
 Corrosion protection: zinc and aluminium spray on structural steel
 Local repair of worn or corroded surfaces
 Lowering friction
 Esthetical purposes
 Semi-conductors
Laser clad coatings are in use for local repair of worn surfaces but also to improve surface properties 35,36,37,38. A
mind map of laser clad coatings and applications is given in Figure 14.

ASM Handbook, Vol 05 - Surface Engineering, Thermal Spray Coatings (1994)
http://www.flamesprayinc.com/process.htm (last visited 26-1-2013)
33 http://www.stellite.com/productsservices/equipment/hvofapplications/tabid/350/default.aspx (last visited 26-1-2013)
34 http://www.tstcoatings.com/applications.html (last visited 26-1-2013)
35 http://www.thermalspraydepot.com/Laser-Cladding.html (last visited 26-1-2013)
36 http://www.vito.be/VITO/OpenWoDocument.aspx?wovitoguid=75FEE90C-63B8-4750-A001-3EF419AC7E0B (last visited 26-1-2013)
37 http://www.vito.be/VITO/OpenWoDocument.aspx?wovitoguid=75FEE90C-63B8-4750-A001-3EF419AC7E0B (last visited 26-1-2013)
38 http://www.vito.be/VITO/OpenWoDocument.aspx?wovitoguid=67246A69-B2B7-4996-ACD7-F6FEDA747CF0 (last visited 26-1-2013)
31
32
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Examples of products where laser clad coatings are applied are:
 Drums
 Rolls
 Shafts
 Gearboxes
 Winches
 Pumps
 Pistons
 Valve seats

Figure 14: Laser clad coatings and products.

Clad layers are in use for improvement of surface properties a.o. 39,40. A mind map of clad coatings or clad layers
and applications is given in Figure 15.

39
40

http://www.butting.com/clad_materials.html (last visited 26-1-2013)
http://www.doosan.com/dse/en/products/copperclad.page (last visited 26-1-2013)
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Figure 15: Clad layers and cladded coatings.

After scrapping the products with these coatings will be mainly collected at:
 Demolition contractors and scrap traders
 WeCyle (WEEE)
The elements to recover from these three types coating layers are: Ag, Al, Au, B, Be, Bi, Cd, Co, Cr, Cu, Fe, Ir,
Mo, Nb, Ni, Pd, Pt, Re, Sb, Sn, Ta, Ti, U, Va, W, Zn and Zr. The most important element to recover from
these types of coatings are: Ag, Au, Be, Co, Cr, Cu, Ir, Nb, Ni, Pd, Pt, Sb, Sn, Ta, W, Zn and Zr.
2.10

Summary of elements in coatings

In Table 2 a full overview is given of the elements that can be found in the coatings that were discussed in this
chapter. In this table also information is summarised from the critical materials study carried out by the
European Union41. In this EU-study, the following aspects were considered:
 Economic importance
o The importance for the economy of a raw material is measured by breaking down its main
uses and attributing to each of them the value added of the economic sector that has this raw
material as input.
 Supply risks
o In order to assess the supply risks, production of the raw materials was considered. The level
of concentration of worldwide production42 of the raw material was evaluated by making use
of the so-called Herfindahl-Hirschman Index (HHI)43. This index is widely applied in
competition and anti-trust proceedings or assessments. Increases in the HHI index indicate a
decrease in competition and an increase of market power, whereas decreases indicate the
opposite.
Raw materials Defining 'critical' raw materials, http://ec.europa.eu/enterprise/policies/raw-materials/critical/index_en.htm, (last visited
8-2-2013)
Report: http://ec.europa.eu/enterprise/policies/raw-materials/files/docs/report-b_en.pdf
Annex: http://ec.europa.eu/enterprise/policies/raw-materials/files/docs/annex-v-b_en.pdf
42 Wold Mining Data, http://www.bmwfj.gv.at/energieundbergbau/weltbergbaudaten/Seiten/default.aspx (last visited 8-2-2013)
43 Herfindahl-Hirschman Index (HHI) http://www.justice.gov/atr/public/guidelines/hhi.html (last visited 8-2-2013)
41
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Environmental country risk
o A third dimension relates to the environmental country risk, more precisely the risks that
measures might be taken by countries with the intention of protecting the environment and by
doing so endangering the supply of raw materials to the European Union.

Table 2: Overview of elements (metals) in coatings applied by the discussed techniques, including EU data on critical raw
materials41. The elements relevant for this study were presented earlier in Table 1.
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Cd
Ce*
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Fe
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Ir**
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Mg
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Ni
Os**
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Pd**
Pt**
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Rh**
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U
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W
Y
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Relevant element for this study, selectedby the members of this project.
The figure is fromREM-groupof metals as awhole,
but this element is expectedtoremain relatively abundant.
EUdatafor whole PlatinumGroup Metals (PGM)
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3

Inventory of Recycling Technologies

3.1

Introduction

All products, at one point, will reach their end-of-life (EOL). Historically, EOL products as well as (household)
waste streams were considered low value and discarded of by landfilling. Based on economic, environmental,
resource scarcity grounds, and legislation, nowadays up to 80% of all products and waste streams are being
reused, either for their material or by energy recovery.
Figure 16 presents an overview of the processing of EOL and waste streams. In general, EOL products
undertake the following route:










Mechanical / manual disassembly (dismantling)
o Manual selective disassembly, targeting on singling out hazardous or valuable components
and is an indispensable process
o Mechanical disassembly
Aiming at size reduction of the waste material into easier to handle, uniform sized pieces for
further processing.
Physical Upgrading
Using mechanical/physical processing to upgrade desirable materials content, i.e. preparing materials
for refining process.
Metallurgical separation
o Upgrading
Preparing materials for refining
o Refining
Recovered materials return to their life cycle
Incineration
o Energy recovery
o Material recovery (slags / bottom ashes), processed by physical and/or metallurgical
separation techniques
Landfilling
o Last hiding place for (currently) not reusable remainders

Note that, depending on the products, more specifically, their (chemical) compositions, various “loops” may
exist. For instance, metallurgical processed metals streams may be subject to a second mechanical separation
technique.
This chapter will describe available technologies for material recycling. A special focus is put on metal coatings.
First, various physical separation technologies will be presented. This involves both current practice
technologies as well as innovative technologies. This section makes extensive use of an article by Jirang Cui
and Eric Forssberg from Luleå University of Technology44. Secondly, metallurgical separation and refining
technologies will be presented. That section makes extensive use of work from Professor James P. Birk
Arizona State University45. Sample applications will be presented if relevant.

Cui, J., Forssberg, E., Mechanical recycling of waste electric and electronic equipment: A review, (2003) Journal of Hazardous
Materials, 99 (3), pp. 243-263
45 http://wps.prenhall.com/wps/media/objects/3313/3392987/blb2302.html (last visited 15-3-2013)
44
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Figure 16: Schematic representation of the recycling flow from EOL products.

3.2

Direct insertion of coated material during alloying

Direct insertion of coated material, as copper coated steel as base material for the production of in (CorTen)
weathering steel (Corten)46, 47, 48 steel and Cu in duplex steels to improve machinability49. Insertion of tin plated
sheet in minor amounts in a BOF or EAF does not harm the product quality.
3.3

Disassembly and size reduction

In practice recycling of waste streams such as automobile scrap, municipal solid waste, electric and electronic
equipment, selective disassembly (dismantling) is an indispensable process since: (1) the reuse of components
has first priority, (2) dismantling the hazardous components is essential, (3) it is also common to dismantle
highly valuable components and high grade materials such as printed circuit boards, cables, and engineering
plastics in order to simplify the subsequent recovery of materials. (Manual) Disassembly will generally result in
separate waste streams such as:






Reusable parts / products
Hazardous components
Liquids
Metals
Plastics / rubbers

In the stage of disassembly, no specific separation of (metallic) coatings can be realized.
http://www.bouwenmetstaal.nl/lasso/register/pdf/166_40.pdf (last visited 11-4-2013)
http://www.cortensteel.com/ (last visited 11-4-2013)
48 Wang, Z., Liu, J., Wu, L., Sun, Y., Han, R., Investigation of the corrosion resistance of weathering steel at different atmospheric
environment, (2013) Advanced Materials Research, 629, pp. 240-244.
49 Renaudot, N., Chauveau, E., Mantel, M, 1.4669, a new lean duplex stainless steel with improved toughness and machinability,
(2012) Metallurgia Italiana, 104 (9), pp. 29-35
46
47
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Size reduction technologies are used to create more homogenous waste streams that are easier to handle
during successive steps.
Size reduction of large pieces
The most deployed technologies for size reduction are Hammer mills and Shear shredders. In both cases,
mechanical force is used to break of shear materials into smaller pieces. Successive shredders may be
deployed for further size reduction. Apart from sub-sizing the waste stream, during this process some
separation of materials takes place. For instance, due to high tension and discriminating material properties,
metal coatings may break loose from plastic substrates.
Size reduction of smaller fractions
Grinding technology may be deployed to further downsize waste material. A basic concept consists of a rotating
tube about one third filled with balls, the cascading action in the balls producing a grinding action. Grinding is
mainly used to increase the surface area, which will aid further (chemical) processing. Wet grinding may be
utilized for instance to convert plastic waste into granulate. Grinding may be deployed as well for bottom ashes
from incinerators.
Cryogenic milling
Cryogenic milling50 is a method to reduce product sizes. Heat, which is generally produced during milling, is
removed by liquid nitrogen or CO2. Additionally, cooling will cause cold brittleness, easing the size reduction
process.
3.4

Physical Upgrading

The concept of physical upgrading is used extensively. In general terms, it involves the separation of one
stream into two or multiple streams using differences in material (pieces) properties. Below, this process is
schematically depicted. An input stream, with mixed materials is split-up into a stream with enhanced
concentration of material / fraction A, and a stream with reduced fraction A/ enhanced fraction B. Physical
separation process are relatively easy and energy efficient means of separation. However, 100% accuracy is
hardly ever reached. By successive placement of these separators, the output can be split up further into
multiple fractions.
A >> B

Mixture A and B
Separation

B >> A

Figure 17: Schematic representation of the physical separation processes.

3.4.1

Main categories

Physical separation techniques can be split up in various ways. Many technologies separate on the bases of
mass/density differences. Others separate on shape, electro-conductivity or their interaction with light. In Table
3 an overview of the various technologies as well some applications is presented. The following sections will
discuss these technologies individually in more detail.
Table 3: Overview of physical separation technologies.

50

http://www.linde-gas.nl/nl/processes/freezing_and_cooling/cryogenic-grinding/index.html (last visited 15-3-2013)
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Technology
Coating removal
Laser cleaning

Description

Applications

Short laser pulses ablate the surface

Microwave

Microwave heating and subsequent weakening
and fracturing of materials
Particle impact on surface causes fracture
Adhesive breaking due to stresses, differences
in expansion and brittleness
Stresses induced braking of adhesively jointed
material
(Manual) turning of steel

Paints, grease and oil, inorganic
material
Concrete

Abrasive blasting
Cryogenic embrittlement
Mechanical crushing
Turning
Screening (size separation)
Drum separation
Conveyor separation
Shape separation

Material is sorted on size / geometry. Specific
sized fractions will fall (Conveyer) or be pushed
(Drum) through a sieve.

Electro-conductivity separation
Magnetic separation
Magnetic materials are attracted by magnetic
forces.
Eddy current separation
Electric conductivity-based separation
Corona electrostatic
separates materials of different electric
Triboelectric separation
conductivity (or resistivity). Separation is
realized by varying path of flight in an
electromagnetic field.
(Apparent) Density
Sink-float separation
Material, suspended in a fluid will sink to the
Gravitational
bottom / centrifuged to the outer side if its
Hydro cyclone
specific gravity is higher than the fluid.
Sorting by jigging
Hydraulic jigs
Pneumatic jigs
Sorting by air jets
Cyclonic separation
Hydraulic separation
Air classification
Froth flotation
Dry density separation
Ballistic separation

Material flows over a sieve sloop. Pulsating
water or air through the sieve fluidizes the
material, pushing the lower density fraction to
the top layer. Relatively small sized fractions
are required (3-10 mm).
Separate low density / larger surface area
fractions from a free falling waste stream by air
jet.
Waste is fed sideways into a cyclone. An
upward air / water stream lifts lower density
material upwards. Higher density material will
be pushed outward and fall to the bottom.
Separating hydrophobic materials from
hydrophilic.
Material on a dry fluidized bed consisting of
fine particles will “sink” to the bottom if its
specific gravity is higher than the fluidized bed.
Ballistic separation uses the difference in
trajectory of materials with differing elasticity,
air resistance and inertia.

Thermo-mechanical separation
Hot crush (Aluminium)
Different eutectic temperatures for cast and
wrought alloys
High temperature adhesive
High temperature breaks adhesive forces
breaking
Cryogenic
Adhesive breaking due to stresses, differences
in expansion and brittleness
Intelligent detectors
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chrome film on an ABS substrate
Metallic coatings from plastics

Old (metal) coating removal
Metal / non-metal separation
Metal / metal separation
Recover copper from electric cable
waste
Ferro / non-ferro separation
Ferro / non-ferro separation
Non-ferro / non-metal separation

The light product mainly consists of
aluminium, glass, and stone; the
heavy product consists of metals,
such as copper, lead, brass, and
stainless steel etc.
Jigging is more effective for equally
sized smaller fractions.
Separates plastics and papers from
remainder
Hydraulic: separation of heavy metals
from lighter metals.
Air: separate cable scrap from plastics
Separation of different types of
plastics
Separation of aluminium from copper
Rolling/rigid items from flat/ flexible
items

Separate wrought and cast aluminium
alloys
Separation of insulator from metallic
core
Metal coatings from polymer
substrates
Paint residues from cans

Technology
Induction Sorting System
Optical Shape detection
Ultrasonic shape detection
Colour sorting
(Infrared) light transmittance
Hyper spectral imaging
Laser induced breakdown
spectroscopy
X-ray sorting

3.4.2

Description
Induction sensors detect the presence of
metallic fractions
Camera based system discriminated on the
bases of geometry of individual particles
Ultrasonic sensor array including sensor data
processing
Variations in colour in camera images
Camera based system discriminated on the
bases of the transparency of material for
certain wavelengths
Images at infrared wavelengths discriminate
various materials based on their light
absorption characteristics.
Laser pulse creates an atomic emission. A
spectroscope analyses the spectral emission
X-rays penetrate materials
Images are analysed

Applications
Separate metallic from non-metallic
Broad range
Separate wrought from cast aluminium
Broad range
Zinc, copper, brass and stainless steel
from aluminium
Various colour glass bottles.
Separate virtually all materials,
specifically plastics and paper.
Separate wrought and cast aluminium
alloys, Separate other metals
Virtually all materials

Coating removal

Physical separation, especially upgrading technologies, are extensively used in recycling. Few however, are
directly targeting the removal of coatings. This section describes the identified coating removal technologies
Various technologies exist to remove for instance paint coatings from metallic substrates. Airplanes are
completely stripped from their paint layers prior to repainting. This is done predominantly to reduce the weight of
an airplane.
Laser ablation
Laser ablation is a viable coating removal technique. The laser energy interacts with subatomic particles,
transferring photon energy to vibrational energy, which generates heat. The process removes surface materials
by thermal shock, melting, evaporation, or spallation51:
 Evaporation: at energy densities of 10 - 100 J/cm2 and pulse durations of 200 - 500 μs the ablation
mechanism is evaporation of the irradiated material.
 Spallation: the ablation mechanism with short pulses of 5 - 100 ns and energy densities of 0.1 - 4
J/cm2 is spallation. With these laser parameters a plasma is generated at the irradiated surface. The
high plasma pressure (1 – 100 kbar) results in a shockwave leading to high compressing stresses on
the surface. After the laser pulse the surface relaxes.
 Thermal expansion: below the evaporation threshold, ablation can occur due to a rapid thermal
expansion of the heated material layer or particles. If the generated thermal forces are high enough to
overcome cohesion or adhesion forces, the heated material layer or particles are ejected away from
the surface.

Figure 18: Schematic representation of the main laser cleaning mechanisms.

Applications are mainly found in the removal of organic layers and oil residues from (metallic) substrates.
However, removal of metallic coatings is possible as well. The removed layer of material is fully vaporized, i.e.
51

Watkins, K.G., Laser Cleaning, in Laser Material Processing, W.M. Steen, Editor. 1998, Springer
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recovery of the material requires vacuum technology and dust processing. Laser ablation is relative energy
intensive.
Microwave
Microwave coating removal has been successfully applied on concrete52. Microwave energy is absorbed within
a few centimetres of the surface and heating occurs via internal friction produced inside a dielectric material
when its molecules vibrate in response to an oscillating microwave field. The dielectric constant is the ratio of
electric flux density produced by an electric field in a medium similar to that produced in a vacuum by the same
field. The microwave energy is directed at the concrete surface using a specialized waveguide applicator,
producing heat in the concrete and the free water present in the concrete matrix. The removal depth is
proportional to the moisture content. As metals have an extreme high dielectric constant, this technology is not
expected to be useful for metallic coating removal. It might however be used to separate metallic coatings from
non-metallic substrates.
Abrasive blasting
Abrasive blasting is the operation of forcibly propelling a stream of abrasive material against a surface under
high pressure to smooth a rough surface, roughen a smooth surface, shape a surface, or remove surface
contaminants53. A pressurized fluid, typically air, or a centrifugal wheel is used to propel the blasting material.
There are several variants of the process, such as:





Sand or grit blasting
Bead blasting (fine glass beads, remove paint from car bodies)
Hydro-blasting (water blasting, paint removal)
Dry ice blasting

Dry ice-blasting is a form of abrasive blasting, where dry ice, the solid form of carbon dioxide, is accelerated in a
pressurized air stream and directed at a surface in order to clean it54. Dry ice blasting may be used to remove
chrome from chrome plated decorative elements such as door handles, lettering, grills and manufacturers’
badges.
A study by P.H. Shipway at all55 showed that solid particle erosion with glass balls of a chrome film on an ABS
substrate, as used in automotive applications, is feasible. The chrome film was removed by a range of
mechanisms including film ductility leading to cracking, film fracture due to bending on impact, and
delamination. It was shown that the area removal rate of the chrome was proportional to the kinetic energy of
the impacting particles. Although this study targeted at removing the coating for the sake of preservation and
reuse of the ABS substrate, the chrome layer may be collected relatively clean from the dust stream.
Cryogenic embrittlement
Cryogenic embrittlement separation of metallic coatings may be used to separate for instance chrome-plated
plastics such as car grilles. An example of cryogenic recovery of reclamation of plastic from metallized plastic
was already implemented in 1979 by Ford56. This process was patented by Ford57 in that year. By that time, the
Ford Motor Company produced 14 million pounds per year of chrome-plated plastic parts in the manufacture of
exterior automotive grills for cars and trucks. In the process, 1.2 million pounds per year of unusable chromeplated materials have been scrapped at considerable cost to the company. Ford’s Saline (Michigan) plastics
Reitz, W.E., Coating-removal techniques: Advantages and disadvantages, (1994) JOM, 46 (7), pp. 55-59.
http://en.wikipedia.org/wiki/Abrasive_blasting (last visited 15-3-2013)
54 http://en.wikipedia.org/wiki/Dry-ice_blasting (last visited 15-3-2013)
55 Shipway, P.H., Bromley, J.P.D., Weston, D.P., Removal of coatings from polymer substrates by solid particle blasting to enhance
reuse or recycling, (2007) Wear, 263 (1-6 SPEC. ISS.), pp. 309-317.
56 Now You Can Reclaim Chrome-Plated Scrap, Plastics Technology, September 1979, http://infohouse.p2ric.org/ref/30/29822.pdf (last
visited 15-3-2013)
57 Reclamation and rejuvenation of plastic and metal from metallized plastic, US 4406411 A, priority date Sep 10, 1979. The patent is
now abandoned.
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plant has since installed a recovery system to reclaim its chrome-plated ABS plastic scrap. The recovery
system involves feeding defective automotive grills into a grinder (see Figure 19). The grinder contains a
precrusher which breaks up the parts into smaller pieces and feeds them into the grinder which subsequently
reduces the scrap to half-inch pieces. A magnetic drum separator removes the larger pieces of metal that have
been split off during grinding. The remaining metal and scrap goes through a cryogenic feeder. Liquid nitrogen
cools the scrap to almost freezing, creating stresses which cause additional metal to splinter off. The scrap
moves to an impact mill which reduces the scrap to a coarse powder. The powder passes through another
magnetic drum separator designed to remove the remaining metal from the powder56. Van Gansewinkel used a
similar process to reclaim the metals from metallic coatings on plastics, but this was abandoned as alternative
techniques were economically more attractive58.

Figure 19: Schematic of process cryogenic recovery of chromium from chromium plated plastics56.

Mechanical crushing
Metal-plated plastics (MPP), for instance electroplated Cu, Ni and Cr on ABS, can be separated using
mechanical crushing. A Study by Mianqiang Xue at all59 shows that a self-designed hammer successfully
separates the coating layer from the substrate. Coatings could be easily stripped when the MPP are subjected
to shear force and impulsive force. The structure and comminuting model of the crusher are shown in Figure 20.
In their study, the materials were crushed in four ways: (a) impact crushing by the rotating hammer with high
speed; (b) grinding by the rotating hammers and the lining plate; (c) collision between particles and lining plate;
(d) interparticle collision. After about 4 minutes of crushing, about 80% of the coatings had been liberated.

Figure 20: The structure and comminuting model of the hammer crusher.

Private communication, Mr. Visser, Van Gansewinkel.
Xue, M., Li, J., Xu, Z., Environmental friendly crush-magnetic separation technology for recycling metal-plated plastics from end-of-life
vehicles, (2012) Environmental Science and Technology, 46 (5), pp. 2661-2667
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Turning / cutting
Turning is a machining process in which a cutting tool, typically a non-rotary tool bit, describes a helical tool
path by moving more or less linearly while the work piece rotates. Turning is applied to remove old coatings,
such as thermal spray coatings, prior to recoating. Generally, the waste is collected in large bins, forming a
mixture containing a wide variety of elements, such as nickel, copper, zinc and cobalt.
3.4.3

Screening and Shape separation

Screening has not only been utilized to prepare a uniformly sized feed to certain mechanical processes, but
also to upgrade metals contents. Screening is necessary because the particle size and shape properties of
metals are different from that of plastics and ceramics44.
The primary method of screening in metals recovery uses the rotating screen, or drum, a unit which is widely
used in both automobile scrap and municipal solid waste processing. This unit has a high resistance to blinding,
which is important with the diverse array of particle shapes and sizes encountered in waste. Vibratory screening
is also commonly used, in particular at non-ferrous recovery sites, but wire blinding is a marked problem60.

Figure 21: Schematic representation of the screening process.

The separation methods can be classified into four groups. The principles underlying this process makes use of
the difference: (1) the particle velocity on a tilted solid wall, (2) the time the particles take to pass through a
mesh aperture, (3) the particle’s cohesive force to a solid wall, and (4) the particle settling velocity in a liquid.
Shape separation by tilted plate and sieves is the most basic method that has been used in recycling industry61.
3.4.4

Electro- conductivity based separation

Electro-conductivity based separation makes use of the difference in electro-conductivity of materials. Magnetic
materials can be easily separated from non-magnetic materials using permanent magnets. Various other
technologies eddy current being the best known and most widely used one, exists as well.
Magnetic separation
Magnetic separators utilize either permanent magnets or electromagnets and the major types of separators are
the drum magnet and the overhead belt magnet62. Magnetic separators, in particular, low-intensity drum
separators are widely used for the recovery of ferromagnetic metals from non-ferrous metals and other nonWilson, R.J., Veasey, T.J., Squires, D.M., The application of mineral processing techniques for the recovery of metal from postconsumer wastes, (1994) Minerals Engineering, 7 (8), pp. 975-984.
61 S. Koyanaka, H. Ohya, S. Hitoshi, S. Endoh, H. Iwata, P. Ditl, Recovering copper from electric cable wastes using a particle shape
separation technique, Adv. Powder Technol., 8 (1997), pp. 103–111.
62 Magnetic separation: recovery of saleble iron and steel from municipal waste, National Center for Resource Recovery, Harvey Alter
and Kenneth L. Woodruff, 1977, http://www.ntis.gov/search/product.aspx?ABBR=PB266114 (Last visited 17-4-2013).
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magnetic wastes. Over the past decade, there have been many advances in the design and operation of highintensity magnetic separators, mainly as a result of the introduction of rare earth alloy permanent magnets
capable of providing very high field strengths and gradients. Magnetic separation may be utilized for the
separation of ferro metals (like iron) from non-ferro metals (like copper and aluminium).
Eddy current separation
Eddy current separators operability is based on the use of rare earth permanent magnets. The principle of
separation consists of repulsive forces exerted in the electric conductive particles due to the interaction between
the alternative magnetic field and the Eddy currents induced by the magnetic field. The separators were initially
developed to recover non-ferrous metals from shredded automobile scrap or for treatment of municipal solid
waste63. It is now widely used for other purposes including foundry casting, electronic scrap, glass cullet and
shredder fluff64,65. For metal recovery from wastes streams, a combination of magnetic and Eddy current
separation can remove up to 100% of all metals. However, as other materials, such as plastics, are generally
adhered to the metals (for instance wire insulator, plastic coatings etc.), no pure metals are recovered. Figure
22 graphically depicts a typical setup as used by recycling companies. Black, yellow and white particles in the
figure have different trajectories because they have different rates of acceleration in the magnetic field. At low
frequencies, this variation is caused by the ratio of the conductivity and the density, see Table 4. The
acceleration of aluminium particles is almost twice that of copper, whereas plastic will not accelerate at all.
Table 4: Sensitivity for eddy currents for selected metals and materials66.

Metal/Material
Aluminium
Magnesium
Copper
Silver
Zinc
Gold

s.m2/kg
Conductivity/density
14000
12900
6700
6000
2.4
2.1

Metal/Material
Brass
Tin
Lead
Stainless steel
Glass
Plastic

s.m2/kg
Conductivity/density
1800
1200
450
180
0.0
0.0

Figure 22: Schematic diagrams of (a) magnetic separation and (b) eddy current separation.

Dalmijn, W.L., van Houwelingen, J.A., New developments in the processing of the non ferrous metal fraction of car scrap, (1995)
Proceedings of the TMS Fall Meeting, pp. 739-750..
64 H. Hoberg, Applications of mineral processing in waste treatment and scrap recycling, in: Proceedings of the XVIII International
Mineral Processing Congress, Sydney, Australia, 1993, Australasian Institute of Mining & Metallurgy, Parkville, Australia, 1993, pp. 27.
65 J.A. Wernham, J.A. Marin, D.E. Heubel, Aluminum removal from recycled pet, in: Proceedings of the First International Conference on
Processing Materials for Properties, Honolulu, TMS, Warrendale, USA, 1993, pp. 759–762.
66 A.A. Nijkerk, W.l. Dalmijn, Handbook of recycling techniques, The Haag, Nijkerk Consultancy, 2001.
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Corona electrostatic separation
The rotor-type electrostatic separator, using corona charging, is utilized to separate raw materials into
conductive and non-conductive fractions. The electric field in a roll-type corona-electrostatic separator is
generated between one or several “active” electrodes, connected to a dc high-voltage supply, and a grounded
rotating roll electrode. The particulate mixture to be separated is fed onto the surface of the roll electrode and
rotates with it at a velocity that is continuously adjustable up to several hundreds of rotations per minute. The
roll electrode carries the particles through the electric field zone. Each particle therefore is subjected to an
intense “ion bombardment,” determined by the corona discharge, and, at the same time, it also charges by
“electrostatic induction,” because of the contact with the roll electrode. The “ion bombardment” is the main
charging mechanism for the low-conductivity particles, while the “electrostatic induction” is responsible for the
charge of the high-conductivity particles. As a consequence, the electric field forces act differently on the two
kinds of particles and achieve their efficient separation67. Electrostatic separation represents an effective
method for the selective sorting of mixed granular materials. The recovery of copper, aluminium, plastics, and
rubber from chopped wire and cable scraps is a typical application of this technology68, more specifically the
recovery of copper and precious metals from printed circuit board scrap69.

Figure 23: The structural representational of laboratory roll-type corona electrostatic separator70.

Triboelectric separation
The triboelectric effect is a type of contact electrification in which certain materials become electrically charged
after they come into contact with another different material through friction71. Triboelectric separation enables
sorting of plastics depending on the difference in their electric properties. For the processing of plastics waste,
research has shown many obvious advantages of triboelectric electrostatic separation, such as independence
of particle shape, low energy consumption, and high throughput72.

Luga, A., Neamtu, V., Suarasan, H., Morar, R., Dascalescu, L., Optimal high-voltage energization of corona-electrostatic separators,
(1998) IEEE Transactions on Industry Applications, 34 (2), pp. 286-293..
68 Meier-Staude, Robert, Koehnlechner, Rainer, Electrostatic separation of conductor/non-conductor mixtures in operational practice
[Elektrostatische Trennung von Leiter-/Nichtleitergemischen in der betrieblichen Praxis], (2000) Aufbereitungs-Technik/Mineral
Processing, 41 (3), pp. 118-123.
69 Zhang, S., Forssberg, E., Optimization of electrodynamic separation for metals recovery from electronic scrap, (1998) Resources,
Conservation and Recycling, 22 (3-4), pp. 143-162..
70 Li, J., Lu, H., Liu, S., Xu, Z., Optimizing the operating parameters of corona electrostatic separation for recycling waste scraped printed
circuit boards by computer simulation of electric field, (2008) Journal of Hazardous Materials, 153 (1-2), pp. 269-275.
71 http://en.wikipedia.org/wiki/Triboelectric_effect (last visited 15-3-2013)
72 I. Stahl, P.-M. Beier, Sorting of plastics using the electrostatic separation process, in: H. Hoberg, H. von Blottnitz (Eds.), Proc. of the
XX International Mineral Processing Congress, vol. 5, Aachen, GDMB, Clausthal-Zellerfeld, Germany, 1997.
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Figure 24: Schematic representation of an electro-static separator73.

3.4.5

(Apparent) Density separation

Gravity concentration separates materials of different specific gravity by their relative movement in response to
the force of gravity and one or more other forces, the latter often being the resistance to motion offered by a
fluid, such as water or air74. The motion of a particle in a fluid is dependent not only on the particle’s density, but
also on its size and shape, large particles being affected more than smaller ones. In practice, close size control
of feeds to gravity processes is required in order to reduce the size effect and make the relative motion of the
particle specific gravity dependent. Density-based separation processes have found widespread application in
non-metal / metal separation75.
Sink-float separation
Hydraulic separation is based on differences in particle motion in a liquid according to the simultaneous action
of gravity and one or more other forces such as resistance to penetration of particles in the liquid. This
separation technique uses liquid density, viscosity and the ability of the body to float or sink in this fluid. In the
case of flotation, the liquid is stationary: the separation "float / cast" is made according to the principle of
buoyancy. The solids are immersed in a liquid having an intermediate density between those of solids to be
separated. The heavy particles will sink while the lighter will float. Sink-float separation is very effective in
discriminating plastics from other materials as well as different types of plastics.

http://www.stminerals.com/technology-overview (last visited 15-3-2013)
B.A. Wills, Mineral Processing Technology, 4th ed., Pergamon Press, Oxford, England, 1988, pp. 377–381.
75 G. Schubert, Aufbereitung der NE-metallschrotte und NE-metallhaltigen abfaelle (processing of scrap and refuse containing nonferrous metals), Aufbereitungs-Technik, 32 (1991), p. 78.
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Figure 25: Schematics of a drum separator that uses the combination of sink–float separation and flotation76.

Cyclonic separation
Cyclonic separation can be split-up into air based and water based systems. Waste is fed sideways into a
cyclone. An upward air / water stream lifts lower density material upwards. Higher density material will be
pushed outward and fall to the bottom. An air elutriator is a simple device which can separate particles into two
or more groups77. Material may be separated by means of an elutriator, which consists of a vertical tube up
which fluid is passed at a controlled velocity. When the particles are introduced, often through a side tube, the
smaller particles are carried over in the fluid stream while the large particles settle against the upward current.
At low flow rates, small less dense particles attain their terminal velocities, and flow with the stream. The
particles from the stream are collected in overflow and hence will be separated from the feed. Flow rates can be
increased to separate higher size ranges. Further size fractions may be collected if the overflow from the first
tube is passed vertically upwards through a second tube of larger cross-section and any number of such tubes
can be arranged in series.

Figure 26: Schematic representation of a cyclonic separator78.

Sorting by jigging
A jig is an inclined, elongated tank, of which the bottom consists of a sieve plate79. The material to be separated
is fed in a continuous process at the highest point of the tank and moves over the sieve plate. Subsequently,
water in a container below the sieve plate in brought into a pulsating motion. As a result, the water flows
Dodbiba, G., Haruki, N., Shibayama, A., Miyazaki, T., Fujita, T., Combination of sink-float separation and flotation technique for
purification of shredded PET-bottle from PE or PP flakes, (2002) International Journal of Mineral Processing, 65 (1), pp. 11-29.
77 http://en.wikipedia.org/wiki/Elutriation (last visited 15-3-2013)
78 http://www.ermafirst.com/technology (last visited 15-3-2013)
79 Translated from Dutch to English: www.recyclingplatform.nl/begrippen/jig (last visited 15-3-2013)
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upwards through the screen openings. This way, the material on the sieve plate as is fluidized. The small, light
particles are carried further than the heavy, large particles. When the water recedes, the fluidized material drops
down. The heavy, large particles settle faster than the small, light particles. By repeating this process, a
separation on the basis of density, size, and also the shape of the material is achieved. With each pulse of
water, the material on the sieve will be moved towards the end of the tank to transport. This is because the
container is inclined under a slight slope. During this transport, the heavy fraction moves to the bottom and the
light fraction moves on top. At the end of the container, one can separate the two fractions from each other. The
separation succeeds better if the difference in the apparent density is larger. Jigging provides a good solution
for sorting small pieces of metals by density separation. According to de Jong and Dalmijn80, in the processing
of car scrap, the 4–16 mm non-ferrous fraction can be separated by wet jigging. The light product mainly
consists of aluminium, glass, and stone; the heavy product consists of metals, such as copper, lead, brass, and
stainless steel etc.

Figure 27: Schematic diagrams of a jig setup.

Sorting by air jets
Air jet(s) (arrays) are mainly used in combination with conveyer belts to modify the path-of-flight of materials.
An example of such a system is presented in Figure 28. In intelligent systems, they may be used as selective
jets, only blowing specific, in an earlier stage, detected objects.

Figure 28: Schematic working principle of air jet separation.
De Jong, T.P.R., Dalmijn, W.L., Improving jigging results of non-ferrous car scrap by application of an intermediate layer, (1997)
International Journal of Mineral Processing, 49 (1-2), pp. 59-72.
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Froth flotation
Froth flotation is a new technology that can effectively separate two or more types of plastic that have similar or
identical densities81. It is applied as a finishing step to conventional separation methods already used for
plastics of different densities. The froth flotation process uses the surface wetting characteristics of the plastic
materials as the basis for separation. The plastics are immersed in a chemical solution that alters the surfacewetting characteristics of the different plastics. Small gas bubbles are attached to the surface of one plastic,
causing it to float, while the other plastic sinks. The two types of plastics that have been tested most extensively
are ABS (acrylonitrilebutadiene-styrene) and HIPS (high-impact polystyrene), which are widely used in
appliances, automobiles, and electronics. Recycling of ABS and HIPS could prevent the landfilling of about 300
tons of automobile and appliance scrap produced annually in the US alone.

Figure 29: Schematic working principle of froth flotation82.

Dry-Density Separation
Dry-density separation83 is based on the differential movement of particles in a dry fluidized bed consisting of
fine particles, such as sand, zirconium silicate, or hematite, typically 100–400 µm in size. The feed particles
range in size from 10–50 mm, but smaller particles are also possible. The feed material should be coarser than
the applied medium, enabling separation from the fine medium by means of screening. The fluidized bed of fine
particles can be considered a heavy liquid with an apparent density in which the feed particles either float or
sink. When a mixture of metals is fed, light metals (e.g., aluminium) will float, and the heavy metals (e.g.,
copper) will sink. The material must be dried to prevent the particles of the bed from sticking to the passing
material. After the split of the metal, the material passes a small drum sieve to remove the fluid-bed particles,
which are transported back to the bed.
Ballistic separation
Ballistic separation is capable of separating heavy, solid particles from flat, light particles. Due to the kinetic
energy heavy, solid particles tends to fall down. Caused by the vibration of the bed, flat, light particles are
transported upwards on the separation plates. The separation plates are positioned in such a way that the feed

http://www1.eere.energy.gov/manufacturing/resources/chemicals/pdfs/thermoplastics_success.pdf (last visited 15-3-2013)
http://www.zzywzg.com/en/xinwen_Show.asp?ArticleID=646 (last visited 15-3-2013)
83 Nijhof, G.H., Rem, P.C., Upgrading nonferrous metal scrap for recycling purposes, (1999) JOM, 51 (8), pp. 20-23.
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material will be split (separated) into two fractions like solid and light particles. By setting the separation plates,
dropping height and amplitude, the separator easily can be adjusted to various applications.

Figure 30: Schematic representation of the ballistic sorting process.

3.4.6

Thermo-mechanical separation

Thermo-mechanical separation techniques rely on the principle that material properties vary with temperature.
Heating or cooling of products may cause effects as liquid/solid separation, stress-induced separation and so
on.
Hot Crush
Hot crush84 is a thermal-mechanical separation method used to separate wrought and cast aluminium alloys.
This process takes advantage of the low eutectic temperature of cast alloys, which are high in silicon. Because
cast alloys have a lower melting temperature than wrought alloys, holding, or “soaking,” the mixed scrap at a
temperature below the eutectic (about 550 degrees Celsius) will result in a weakening of the castings along
their grain boundaries.
A subsequent mechanical crushing or grinding causes those alloys to break, and they can be separated from
the wrought with various particle size screening. Studies have shown the technology to be 96% effective in
separating a mixed wrought-cast stream. However, successful segregation requires that the initial scrap be
fairly large in size, therefore, separation of shredded scrap streams or smaller products is not possible.
High temperature adhesive breaking
Heating to temperature of about a hundred degrees Celsius will cause adhesive bonds to break and/or weaken.
This can be used to dismantle adhesively joint products, as well as to remove polymers from (metallic)
substrates. An example application is found in the recycling of power transmission cable insulated with crosslinked PE (XLPE)85. A continuous process for the separation would involve a combination of longitudinal slitting
of the polymeric cables, elevated temperature (120°C), and application of a mechanical separating force
(Figure 31). The thermal-mechanical separation yields cleanly separated components with no metal
contamination.

http://www.recyclingtoday.com/rt0512-aluminum-contamination-study.aspx (last visited 15-3-2013)
White, C.C., Wagenblast, J., Shaw, M.T., Separation, size reduction, and processing of XLPE from electrical transmission and
distribution cable, (2000) Polymer Engineering and Science, 40 (4), pp. 863-879.
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Figure 31: Schematic of process for thermal separation of power cables85.

Cryogenic recycling
Cryogenic separation uses the principle that all materials have different thermal expansion coefficients or glass
transition points. When a combined material is cooled to extreme low temperatures, quit often using liquid
nitrogen, stresses build up in the interface. Secondly, the materials become brittle. Once in this state, a
mechanical shock is sufficient to separate the materials. After the materials have been separated, the standard,
earlier described methods for separation may be utilized for further processing.
The process is highly applicable for the separation of product such as:
 Separation of tires (rubber/nylon/steel)
 Ground cables (copper/ steel/ plastics/paper)
 Paint cans (paint/metal)
 Chrome-plated plastics, car grilles (chromium from plastics).
3.4.7

Intelligent detectors

Intelligent detectors have become more robust, efficient and therefore attractive. Intelligent detection systems
are utilized in combination with standard separation techniques such as air jets. The advantage lies in the
selectiveness of the technology: individual particles can be selected / removed from waste streams. This
section describes several of these detectors.
Induction Sorting System
Induction sorting is a sensor technology that detects the presence of metallic particles. The main measuring
criterion is the electrical conductivity of the material. Small sensors about a thumb’s width in size positioned
under a belt or chute emit electromagnetic waves. Electrical conductors traversing through the field change
these waves and a computer detects the signal difference for each individual particle, which makes it possible
to accurately sort particles with conductor thicknesses as small as 1 mm. The computer processed information
is used for instance to activate air jets that blow the detected particles from the waste stream.
Optical Shape detection
Optical shape detection systems may consist of visible light cameras, laser scanning systems or sensor array
systems. All technologies depend heavily on data processing / image processing. Quite often, detected object
shapes are compared to objects in a database. A waste stream is spread by a shaker onto a high-speed
conveyor belt. The cameras are positioned above the centre of the belt or at the end on a reference roller and
scan the products when they pass. These cameras (each strategically located) detect discoloration on or in
between the products. Each camera sends its data to a powerful computer where it is processed. When items
with a particular shape are detected, air nozzles at the out feed are activated at exactly the right moment based
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on signals from the shaft encoder and the CPU. These nozzles blow this product away just as it begins its
ballistics. The air nozzles are fast and accurate86.

Figure 32: Schematic layout of camera based object detection system86.

Ultrasonic shape detection
A new identification system involves an ultrasonic sensor array and neural networks87. The method sorts
particles by shape and the material of an object based on ultrasonic pressure distribution and acoustic
impedance. The ultrasonic sensory array unit has two-dimensional ultrasonic receivers and one transmitter. The
transmitter is positioned at the centre of the receiver's array and irradiates an ultrasonic wave to the measured
object. The signal processing unit extracts the features of the measured object from the sensor array outputs
using the signal processing circuit. The extracted data is fed into the identification unit. The identification unit
consists of two types of neural networks that perform shape identification and material identification,
respectively. Shape identification depends on triangulation and calibration of sensor signals. Material
identification can be performed based on the acoustic impedance of a material.

Figure 33: Schematic layout of an acoustic sensor array setup for object detection87.

Colour sorting
Colour sorting takes advantage of the colour difference between scrap to separate zinc, copper, brass and
stainless steel from aluminium in a nonferrous scrap stream88. A computer analyses images of each piece of
scrap and, based on specified colour ranges, directs them to different feeds. The technology is not affected by
http://www.bestsorting.com/raw-materials/sorters/genius-sorter/working-principle/ (last visited 15-3-2013)
Ohtani, K., Baba, M., An identification approach for object shapes and materials using an ultrasonic sensor array, (2006) 2006 SICEICASE International Joint Conference, art. no. 4109243, pp. 1676-1681.
88 http://www.recyclingtoday.com/rt0512-aluminum-contamination-study.aspx (last visited 15-3-2013)
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the particle size or shape of the scrap, so it has many capabilities lacking in heavy media and eddy-current
separation. This technology has the capability to separate for instance aluminium by alloy family. A colour
Sorting System is much more sensitive to colour and brightness differences than the human eye. Reported
production capacities reach 10 tons per hour per meter machine width89.
(Infrared) light detection
Infrared light detection systems utilize sensors, either camera or infrared sensors, which detect location specific
irradiation. The detected light may originate from an illumination source, or from ambient reflections. An
application where a light source is used is the detection of ceramic-glass and glass-like contaminants90. The
technical approach is based on the infrared analysis of glass and ceramic-glass spectra with a PGP (PrismGrating-Prism) spectrographic optics. The basic system architecture of such a system is composed of a spectral
imaging detection system including the spectrographic device (lens, PGP spectrograph, CMOS camera)
capable of acquiring the spectral images of the cullet, the elaboration system (frame grabber, industrial PC,
optionally DSP board) and an automatic spectrometer calibration device. The spectral imaging detection system
is used to detect the position of the cullet and, in real time, commands an air-jet sorting sub-system to blow the
cullet from off its normal falling line.

Figure 34: Schematic of Infrared detection of various glass cullets90.

Hyper spectral imaging
Hyper spectral sensors collect information as a set of 'images'. Each image represents a range of the
electromagnetic spectrum and is also known as a spectral band. These 'images' are then combined and form a
three-dimensional hyper spectral data cube for processing and analysis91. For waste stream processing, the
material stream is evenly distributed across the working width and fed to an identification system. An optical
system directs the light reflected from the objects to highly sensitive near infrared (NIR) sensors. The sensor
system identifies the objects at the correct positions whereupon precise ejection pulses from compressed-air
nozzles blow the recognized objects out of the material stream92.

http://www.magneticseparations.com (last visited 15-3-2013)
http://www.dvoptic.com/spectroscopy/Applications/hispim.html (last visited 15-3-2013)
91 http://en.wikipedia.org/wiki/Hyperspectral_imaging (last visited 15-3-2013)
92 http://www.steinert.de/home/products/unisort/ (last visited 15-3-2013)
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Laser induced breakdown spectroscopy
Laser induced breakdown spectroscopy (LIBS), which uses a pulse laser and optical emission spectroscopy,
has shown great promise for sorting wrought and cast aluminium as well as various metals. In this method, a
sensor detects a piece of scrap, which activates a pulse laser93. The laser hits the surface of the metal and
causes atomic emission. The optical spectra are read by a polychromator and a photodiode detector, which
send a signal to a computer system. LIBS has many advantages over current separation technologies for
automotive and aerospace applications, as it has the possibility for high speed and high volume. It has
capabilities to separate wrought and cast alloys and to sort wrought alloys by alloy family. However, drawbacks
to commercial use remain. Pulse lasers can only penetrate a small distance into the surface of a metal, and,
therefore, the scrap must be free of lubricants, paint and other coatings. Oxide formation on the surface also
can cause erroneous readings.
X-ray identification
An X-ray “sees” through the materials, recognizing different material densities, components containing
halogens, and organic components. Composite materials and internal adhesions are also detected. This allows
light metals to be sorted from heavy metals, or PVC from plastics, scrap wood from stone, and aluminium
castings from wrought alloys. X-Ray Sorting Systems may separate for instance aluminium and magnesium
from the heavy metals fraction such as copper, bronze, zinc and lead. The detecting principle reacts to the atom
mass of each chemical element94.
The technology is based on the transmission of X-rays through the material to be sorted and an X-ray sensitive
camera determines the intensity of the radiation. A computer determines the difference between the incidental
and the transmitted radiation. The resulting intensity difference – the absorption - can be used to draw
conclusions about the atomic composition of the scanned material. The system creates a near reality image
sufficient to enable subtle evaluations to be carried out. The absorption depends on both the solid density and
the material thickness. The larger the atomic mass and the thicker the material, the greater the absorption. In
order to compensate for the thickness of the material to be sorted, it can be analysed on two different energy
levels known as "Dual-Energy". This allows the software to measure the absorption specific for the material.
The sensitivity of the X-ray recognition can be set to just a few square millimetres.
3.5

Metallurgy

Metallurgy is the science and technology of extracting metals from their (natural) sources and preparing them
for practical use. It usually involves several steps: (1) mining / collection of metallic waste, (2) concentrating the
ore / metallic waste, (3) reducing the ore / metallic waste to obtain the free metal, and (4) refining or purifying
the metal.95
After concentration, a variety of chemical processes are used to obtain the metal in suitable purity. There are
three well established technologies for metal recovery: pyrometallurgy, hydrometallurgy and electrometallurgy.
An upcoming promising fourth category is biometallurgy.
Pyrometallurgical processes use heat to separate desired metals from other materials. Those processes use
differences between oxidation potentials, melting points, vapor pressure, densities and/or miscibility of the
components. Calcination, roasting, refining and smelting are the pyrometallurgical processes used for metal
recovery96.
Hydrometallurgical processes differ from pyrometallurgical processes in that the desired metals are separated
from other materials using techniques that capitalize on differences between constituent solubilities and/or
electrochemical properties while in aqueous solution. The hydrometallurgical recovery uses mainly the leaching
process. It involves the use of aqueous solutions containing a lixiviant which is brought into contact with a
material containing a valuable metal. Further the metals are concentrated and purified by using precipitation,
http://www.recyclingtoday.com/rt0512-aluminum-contamination-study.aspx (last visited 15-3-2013)
http://www.steinert.de/uploads/media/X-Ray-Sorting-System.pdf (last visited 15-3-2013)
95 http://wps.prenhall.com/wps/media/objects/3313/3392987/blb2302.html (last visited 15-3-2013)
96 http://iaemm.com/ESW/Files/pyrometallurgy.pdf (last visited 15-3-2013)
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cementation, solvent extraction and ion exchange. The metals are finally recovered in pure form by using
electrolysis and precipitation methods, known as cementation.
Electrometallurgy involves metallurgical processes that take place in some form of electrolytic cell. The most
common types of electrometallurgical processes are electrowinning and electro-refining. Electrowinning is an
electrolysis process used to recover metals in aqueous solution, usually as the result of an ore having
undergone one or more hydrometallurgical processes. The metal of interest is plated onto the cathode, while
the anode is an inert electrical conductor. Electro-refining is used to dissolve an impure metallic anode (typically
from a smelting process) and produce a high purity cathode. Fused salt electrolysis is another
electrometallurgical process whereby the valuable metal has been dissolved into a molten salt which acts as the
electrolyte, and the valuable metal collects on the cathode of the cell. The fused salt electrolysis process is
conducted at temperatures sufficient to keep both the electrolyte and the metal being produced in the molten
state. The scope of electrometallurgy has significant overlap with the areas of hydrometallurgy and (in the case
of fused salt electrolysis) pyrometallurgy.
Biometallurgy is a new, cleaner and one of the most promising ecofriendly technologies. The biometallurgical
processes are still at the laboratory scale, however are considered to be the most promising technology for
future applications due to its low environmental impact, low operating cost and possibility of treating solutions
with low concentrations. This technique exploits microbiological processes for recovery of metal ions. In the last
few decades the concept of microbiological leaching have played a great role to recover valuable metals from
various sulfide minerals or low grade ores. Now the microbiological leaching process has been shifted for its
application to recover valuable metals from the different wastes.
In Table 5 an overview is given of the abovementioned metallurgical separation techniques.
Table 5: Overview of metallurgical separation technologies.

Technology
Pyrometallurgy
Calcination
Roasting
Smelting
Refining
Hydrometallurgy
Leaching
Purification
Metal recovery
Electrometallurgy
Electrowinning
Electrorefining
Biometallurgy
Bioleaching

Description

Applications

Thermal decomposition of a material below
melting point
Thermal gas-solid reactions
Full melting, separation in to fractions: metal,
and slag
Impurities removal, binding and/or oxidizing
unwanted elements

ferric hydroxide to ferric oxide and
water vapor
oxidation of metal sulfide ores
steel, ferroalloys, copper, and
nickel

Extracting a soluble metallic compound by
selectively dissolving it in a suitable solvent
Solvent extraction, precipitation, and others
Electrolysis, gaseous reduction, and
precipitation

Most metals

Electrodeposition of metals from solution or
liquefie
Remove impurities from a metal (From impure
anodes to pure cathodes)

Copper, Aluminium, various others

Extracting a soluble metallic compound using
microorganisms. For each metal/waste own
leaching organism has to be identified.

Most metals
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Most metals
Most metals

Copper, Aluminium, various others

In the remainder of this section several well-established metallurgical separation techniques as well as several
new upcoming technologies will be addressed.
3.5.1

Pyrometallurgical processes

Pyrometallurgical97 processes are a rather mature group of technologies for valuable elements recovery from
wastes. Pyrometallurgical processes have proven to be more efficient for the extraction of metals, such as Ti,
Zr, Nb, Ta, Mo, etc98. Pyrometallurgy employs the thermal treatment (at temperature above 1000 °C) to bring
physical and chemical transformations in the materials to enable recovery of valuable metals. This process is
fast because the physical form of the scrap is not as important as that required in chemical treatments.
However, most methods involving thermal processing are quite expensive due to a high-energy requirement.
Furthermore, the thermal processes usually produce polluting emissions and cause the loss of metals from the
scrap during combustion99,100. Pyrometallurgical treatment may produce saleable products such as pure metals,
or intermediate compounds or alloys, suitable as feed for further processing. Examples of elements extracted
by pyrometallurgical processes include the oxides of less reactive elements like Fe, Cu, Zn, Cr, Sn and Mn 101.
Pyrometallurgical processes may be grouped into one or more of the following categories:





Calcination
Roasting
Smelting
Refining

Most pyrometallurgical processes require energy input to sustain the temperature at which the process takes
place. The energy is usually provided in the form of fossil fuel combustion, exothermic reaction of the material,
or from electrical heat. When enough material is present in the feed to sustain the process temperature solely
by exothermic reaction (i.e. without the addition of heat), the process is said to be "autogenous."
Calcination is the heating of an ore to bring about its decomposition and the elimination of a volatile product.
The volatile product could be, for example, CO2 or H2O. Carbonates are often calcined to drive off CO2, forming
the metal oxide. For example,
ܾܱܲܥଷ ՜ ܾܱܲ( )ݏ ܱܥଶሺ݃ሻ

Most carbonates decompose reasonably rapidly at temperatures in the range of 400 to 500 °C, although CaCO3
requires a temperature of about 1000 °C. Most hydrated minerals lose H2O at temperatures on the order of 100
to 300 °C.
Roasting is a thermal treatment that causes chemical reactions between the ore and the furnace atmosphere.
Roasting may lead to oxidation or reduction and may be accompanied by calcination. An important roasting
process is the oxidation of sulphide ores, in which the metal is converted to the oxide, as in the following
examples:
ʹܼ݊ܵ( )ݏ ͵ܱଶ(݃) ՜ ʹܼܱ݊( )ݏ ʹܱܵଶሺ݃ሻ

ʹܵ ܯଶ( )ݏ ܱଶ(݃) ՜ ʹܱ ܯଷ( )ݏ Ͷܱܵଶሺ݃ሻ

The sulphide ore of a less active metal, such as mercury, can be roasted to the free metal:

U.U. Jadhav, H. Hocheng, A review of recovery of metals from industrial waste, J. of Achievements in Materials and Manufacturing
Engineering, 2012, vol. 54, issue 2, pp. 159-167.
98 J. González, J. Rivarola, M. Ruiz, Kinetics of chlorination of tantalum pentoxide in mixture with sucrose carbon by chlorine gas,
Metallurgical and Materials Transactions B 35 (2004) 439-448.
99 T. Havlik, D. Orac, M. Petranikova, A. Miskufova, F. Kukurugya, Z. Takacova, Leaching of copper and tin from used printed circuit
boards after thermal treatment, Journal of Hazardous Materials 183 (2010) 866-873.
100 M.W. Ojeda, E. Perino, M. Ruiz, Gold extraction by chlorination using a pyrometallurgical process, Minerals Engineering 22 (2009)
409-411.
101 http://en.wikipedia.org/wiki/Pyrometallurgy (last visited 15-3-2013)
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 )ݏ(ܵ݃ܪ ܱଶ(݃) ՜  )݃(݃ܪ ܱܵଶሺ݃ሻ
In many instances the free metal also can be obtained by using a reducing atmosphere during the roast.
Carbon monoxide provides such an atmosphere, and it is frequently used to reduce metal oxides:
ܾܱܲ( )ݏ  )݃(ܱܥ՜ ܾܲ(݈)  ܱܥଶሺ݃ሻ

This method of reduction is not always feasible, however, especially with active metals, which are difficult to
reduce.
Smelting is a melting process in which the materials formed in the course of chemical reactions separate into
two or more layers. Smelting often involves a roasting stage in the same furnace. Two of the important types of
layers formed in smelters are molten metal and slag. The molten metal may consist almost entirely of a single
metal, or it may be a solution of two or more metals.
Slag consists mainly of molten silicate minerals, with aluminates, phosphates, fluorides, and other ionic
compounds as constituents. A slag is formed when a basic metal oxide such as CaO reacts at high
temperatures with molten silica, SiO2:
 )݈(ܱܽܥ ܱܵ݅ଶ(݈) ՜ ܱ݅ܵܽܥଷሺ݈ሻ

Pyrometallurgical operations may involve not only the concentration and reduction of a mineral, but the refining
of the metal as well.
Refining is the treatment of a crude, relatively impure metal product from a metallurgical process to improve its
purity and to define its composition better. This covers a wide range of processes, involving different kinds of
furnaces or other plants. Molten metals are refined by using additives of salts, alkalies, or metals as well as by
introducing special slags. Other refining methods involve oxidation of impurities and evaporation of the melt
under a vacuum. Sometimes refining is carried out while the molten metal is crystallizing. Copper, gold, and
zinc melts are refined in reverberatory furnaces, while kettles are used for lead and tin. With distillation, a
reducible metal is vaporized and subsequently condensed. Retorts are used to distill zinc; shaft furnaces are
used to distill lead, zinc, and tin; and fluidized-bed furnaces are used to distill titanium. Sometimes the goal of
the refining process is to obtain the metal itself in pure form. However, the goal may also be to produce a
mixture with a well-defined composition, as in the production of steels from crude iron. Figure 34 and 35
graphically depict the process of reduction and refining of iron ore as examples.
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Figure 35: A blast furnace used for reduction of iron ore102.

Figure 36: A converter for refining of iron. A mixture of oxygen and argon is blown through the molten iron and slag102.

3.5.2

Hydrometallurgy

Hydrometallurgy103 is a process in which chemical reactions are carried out in aqueous or organic solutions for
the recovery of metals. Typically three general steps are carried out during hydrometallurgical recovery of
metals, namely, leaching, solution concentration and purification, and metal recovery.
Compared to pyrometallurgical processes, hydrometallurgical processes are easier to operate and usually
require a smaller scale. However, such processes have a considerable environmental impact due to the toxicity
of the reagents used and the large amount of by-products generated, especially the poisonous gases emitted
by the plastic fraction. If a pre-treatment process, such as supercritical fluid extraction or pyrolysis, is adopted to
separate organic components from waste, hydrometallurgical processes will produce fewer poisonous gases,
but some of the precious metals may be lost.

http://wps.prenhall.com/wps/media/objects/3313/3392987/blb2302.html (Last visited 23-4-2013)
U.U. Jadhav, H. Hocheng, A review of recovery of metals from industrial waste, J. of Achievements in Materials and Manufacturing
Engineering, 2012, vol. 54, issue 2, pp. 159-167.
102
103
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Leaching
The first stage of hydrometallurgical processes is leaching. Leaching is the process of extracting a soluble
metallic compound from waste by selectively dissolving it in a suitable solvent, such as water, nitric acid,
mixtures of nitric, hydrochloric and sulphuric acids, sulphuric acid, nitric acid and hydrogen peroxide, aquaregia, ferric chloride, thiourea, potassium iso-cyanate, potassium iodide and iodine, iodide–nitrite mixture,
thiosulphate and cyanides,104, 105, 106. Leaching is often proceeded by pre-treatments such as roasting. The
leaching process often requires pressure, the addition of gases (oxygen etc.) or high temperatures. Leaching
may also be carried out using electricity. From the leaching solution the desired metal or its compound is
recovered by precipitation or reduction using different methods.
The following solvents are most employed for leaching of compounds: sulphuric acid (vanadium, copper, zinc),
soda (vanadium in carbonate ores, molybdenum, and tungsten), sodium hydroxide (aluminium oxide and
tungsten), ammonia (copper and nickel), cyanide salts (gold and silver), sodium sulphide (antimony and
mercury), chlorine solutions and chlorides (the noble metals, lead, and the rare earth metals), and thiosulfates
(gold and silver).
Gold metal for example, is often found relatively pure in nature. As concentrated deposits of elemental gold
have been depleted, lower-grade sources have become more important107. Gold from low-grade ores is often
concentrated by the process of cyanidation. The crushed ore is placed on large concrete slabs, and a solution
of NaCN is sprayed over it. In the presence of CN– and air, the gold is oxidized and dissolves, forming the
stable Au(CN)2– ion:
Ͷ )ݏ(ݑܣ ͺ  )ݍܽ( ି ܰܥ ܱଶ(݃)  ʹܪଶܱ(݈) ՜ Ͷݑܣሺܰܥሻିଶ (ܽ )ݍ Ͷܱ ି ܪሺܽݍሻ

After a metal ion is selectively leached, it is precipitated from solution as the free metal or as an insoluble ionic
compound. For example, gold is obtained from its cyanide complex by reduction with zinc powder.
ʹݑܣሺܰܥሻିଶ (ܽ )ݍ ܼ݊( )ݏ՜ ܼ݊ሺܰܥሻଶି
ସ (ܽ )ݍ ʹݑܣሺݏሻ

Solution concentration and purification

In the solution concentration and purification step, the solutions are subjected to separation procedures such as
solvent extraction, precipitation, cementation, ion exchange, filtration and distillation to isolate and concentrate
the metals of interest108, 109.
Metal recovery
Metal recovery is the final step in a hydrometallurgical process. The electrolysis, gaseous reduction, and
precipitation are the metal recovery processes.
Example: The Hydrometallurgy of Aluminium
Among metals, aluminium is second only to iron in commercial use. World production of the metal is about 1.5
1010 kg (15 million tons) per year. The most useful ore of aluminium is bauxite, in which Al is present as
hydrated oxides, Al2O3 xH2O. The value of x varies, depending on the particular mineral present. As bauxite
deposits in Europe are very limited, most of the ore used in the production of aluminium should be imported.
F. Veglio, R. Quaresima, P. Fornari, S. Ubaldini, Recovery of valuable metals from electronic and galvanic industrial wastes by
leaching and electrowinning, Waste Management 23 (2003) 245-252.
105 J.E. Silva, A.P. Paiva, D. Soares, A. Labrincha, F. Castro, Solvent extraction to the recovery of heavy metals from galvanic sludge,
Journal of Hazardous Materials 120 (2005) 113-118.
106 O. Ruiz, C. Clemente, M. Alonso, F. Alguacil, Recycling of an electric arc furnace flue dust to obtain high grade ZnO, Journal of
Hazardous Materials, 141 (2007) 33-36.
107 http://wps.prenhall.com/wps/media/objects/3313/3392987/blb2303.html (last visited 15-3-2013)
108 S.E. Kentish, G.W. Stevens, Innovations in separation technology for the recycling and re-use of liquid waste streams, Chemical
Engineering Journal 84 (2001) 149-159.
109 K. Xu, T. Deng, J. Liu, W. Peng, Study on the recovery of gallium from phosphorus flue dust by leaching with spent sulfuric acid
solution and precipitation, Hydrometallurgy 86 (2007) 172-177.
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The major impurities found in bauxite are SiO2 and Fe2O3. It is essential to separate alumina, Al2O3, from these
impurities before the metal is recovered by electrochemical reduction. The process used to purify bauxite, called
the Bayer process, is a hydrometallurgical procedure110, 111. The ore is first crushed and ground, then digested
in a concentrated aqueous NaOH solution, about 30% NaOH by mass, at a temperature in the range of 150 to
230 °C. Sufficient pressure, up to 30 bar, is maintained to prevent boiling. The Al2O3 dissolves in this solution,
forming the complex aluminate ion, Al(OH)4–:
݈ܣଶܱଷǤܪଶܱ(݈)  ʹܱ )ݍܽ( ି ܪ՜ ݈ܽܣሺܱ ܪሻିସ ሺܽݍሻ

The iron(III) oxides do not dissolve in the strongly basic solution. This difference in the behaviour of the
aluminium and iron compounds is due to the fact that Al3+ is amphoteric, whereas Fe3+ is not. Thus, the
aluminate solution can be separated from the iron-containing solids by filtration. The pH of the solution is then
lowered, causing the precipitation of aluminium hydroxide.
After the aluminium hydroxide precipitate has been filtered, it is calcined in preparation for electroreduction to
the metal. The solution recovered from the filtration is reconcentrated so that it can be used again. This task is
accomplished by heating to evaporate water from the solution, a procedure that requires much energy and is
the most costly part of the Bayer process.
3.5.3

Electrometallurgy

Many processes that are used to reduce metal ores or refine metals are based on electrolysis. Collectively
these processes are referred to as electrometallurgy112.
Electrometallurgical procedures can be broadly differentiated according to whether they involve electrolysis of a
molten salt or of an aqueous solution. Electrolytic methods are important for obtaining the more active metals,
such as sodium, magnesium, and aluminium. These metals cannot be obtained from aqueous solution because
water is more easily reduced than are the metal ions. The standard reduction potentials of water under both
acidic and basic conditions are more positive than those of Na+, Mg2+, and Al3+.
To form such metals by electrochemical reduction, therefore, a molten-salt medium may be employed in which
the metal ion of interest is the most readily reduced species.
Electrolysis is commercially highly important as a stage in the separation of elements from waste using an
electrolytic cell. The electrolytic process requires that an electrolyte, an ionized solution or molten metallic salt,
complete an electric circuit between two electrodes. When the electrodes are connected to a source of direct
current one, called the cathode, becomes negatively (−) charged while the other, called the anode, becomes
positively (+) charged. The positive ions in the electrolyte will move toward the cathode and the negatively
charged ions toward the anode.
The advantages of electrolysis over chemical methods for the production of various metals from waste lie in the
relative ease of control of the rate and selectivity of reaction by regulating the current. Electrolysis conditions
are easily controlled. As a consequence, processes may be performed in either the “mildest” or “most vigorous”
oxidation or reduction conditions. Electrolysis is the principal method for the industrial production of aluminium,
chlorine, and sodium hydroxide and an important method for the production of fluorine, alkali metals, and
alkaline-earth metals. Electrometallurgy may be divided into Electrowinning and Electrorefining113.
Electrowinning, also called electroextraction, is the electrodeposition of metals from their ores that have been
put in solution or liquefied. Electrorefining uses a similar process to remove impurities from a metal. Both
processes use electroplating on a large scale and are important techniques for the economical and
straightforward purification of non-ferrous metals. The resulting metals are said to be electrowon.
In electrowinning, a current is passed from an inert anode through a solution containing the metal so that the
metal is extracted as it is deposited in an electroplating process onto the cathode. In electrorefining, the anodes
consist of unrefined impure metal, and as the current passes through the acidic electrolyte the anodes are
http://en.wikipedia.org/wiki/Bayer_process (last visited 21-5-2013)
http://en.wikipedia.org/wiki/Carl_Josef_Bayer (last visited 21-5-2013)
112 http://wps.prenhall.com/wps/media/objects/3313/3392987/blb2304.html (last visited 15-3-2013)
113 http://en.wikipedia.org/wiki/Electrowinning (last visited 15-3-2013)
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corroded into the solution so that the electroplating process deposits refined pure metal onto the cathodes. The
most common electrowon metals are lead, copper, gold, silver, zinc, aluminium, chromium, cobalt, manganese,
and the rare-earth and alkali metals. For aluminium, this is the only production process employed. Several
industrially important active metals (which react strongly with water) are produced commercially by electrolysis
of their pyrochemical molten salts. Experiments using electrorefining to process spent nuclear fuel have been
carried out. Electrorefining may be able to separate heavy metals such as plutonium, caesium, and strontium
from the less-toxic bulk of uranium. Many electroextraction systems are also available to remove toxic (and
sometimes valuable) metals from industrial waste streams.
Example: Electrometallurgy of Aluminium
When concentrated aluminium hydroxide is calcined at temperatures in excess of 1000 °C, anhydrous
aluminium oxide, Al2O3, is formed. Anhydrous aluminium oxide melts at over 2000 °C. This is too high to permit
its use as a molten medium for electrolytic formation of free aluminium. The electrolytic process commercially
used to produce aluminium is known as the Hall process114, named after its inventor, Charles M. Hall. The
purified Al2O3 is dissolved in molten cryolite, Na3AlF6, which has a melting point of 1012 °C and is an effective
conductor of electric current. A schematic diagram of the electrolysis cell is shown in Figure 37: . Graphite rods
are employed as anodes and are consumed in the electrolysis process. The electrode reactions are given as:
݁݀݊ܣǣ )ݏ(ܥ՜ ʹܱ ଶି (݈) ՜ ܱܥଶ(݃)  Ͷ݁ି
݄݁݀ݐܽܥǣ͵݁ି  ݈ܣଷି (݈) ՜ ݈ܣሺ݈ሻ

Figure 37: Typical Hall process electrolysis cell used to form aluminium metal through reduction112.

The amounts of raw materials and energy required to produce 1000 kg of aluminium metal from bauxite by this
procedure are summarized in Figure 38.

114

https://en.wikipedia.org/wiki/Hall%E2%80%93H%C3%A9roult_process (last visited 21-5-2013)
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Figure 38: The quantities of bauxite, cryolite, graphite, and energy required to produce 1000 kg of aluminium112.

Example: Electrometallurgy of Copper
Copper is widely used to make electrical wiring and in other applications that utilize its high electrical
conductivity. Crude copper, which is usually obtained by pyrometallurgical methods, is not suitable to serve in
electrical applications because impurities greatly reduce the metal's conductivity.
Purification of copper is achieved by electrolysis, as illustrated in Figure 39: . Large slabs of crude copper serve
as the anodes in the cell, and thin sheets of pure copper serve as the cathodes. The electrolyte consists of an
acidic solution of CuSO4. Application of a suitable voltage to the electrodes causes oxidation of copper metal at
the anode and reduction of Cu2+ to form copper metal at the cathode. This strategy can be used because
copper is both oxidized and reduced more readily than water. The relative ease of reduction of Cu 2+ and H2O is
seen by comparing their standard reduction potentials:

ݑܥଶା (ܽ )ݍ ʹ݁ି ՜ ܧ)ݏ(ݑܥௗ
ൌ ͲǤ͵Ͷܸ


ʹܪଶܱ(݈)  ʹ݁ି ՜ ܪଶ(݃)  ʹܱܧ ି ܪௗ
ൌ െͲǤͺ ͵ܸ

Figure 39: Electrolysis cell for refining of copper112.

The impurities in the copper anode include lead, zinc, nickel, arsenic, selenium, tellurium, and several precious
metals including gold and silver. Metallic impurities that are more active than copper are readily oxidized at the
anode but do not plate out at the cathode because their reduction potentials are more negative than that for
Cu2+. However, less active metals are not oxidized at the anode. Instead, they collect below the anode as a
sludge that is collected and processed to recover the valuable metals115.
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3.5.4

Biometallurgical processes

Biometallurgy116 is a new, cleaner and one of the most promising ecofriendly technologies. Bioleaching has
been applied successfully and commercially in biohydrometallurgy for extracting copper and precious metals
from low-grade ores and tailings117. A schematic representation of a biometallurgical plant is shown in Figure
40. In biotechnological processes, solubilization of metals is based on the interactions between metals and
microorganisms. This technique allows metal recycling by processes similar to that in the natural
biogeochemical cycles, and is therefore environmentally friendly, with low cost and low energy requirement 118,
119. Many studies discovered recovery of metals from various sources such as sludge, fly ashes, sediments,
soils, batteries, electronic scraps etc120, 121, 122, 123, 124, 125, 126, 127. The microbial leaching process, using aerobic
sulphur- and iron-oxidizing microorganisms, has been shown to be capable of eluting the heavy metals
associated with solids. A Sulfolobus-like organism was able to leach gallium arsenide from semi-conductors128,
129.
Many people consider biotechnology to be the most promising development in metallurgical processing.
However, only limited data is available on biometallurgical processing to recover metals from waste130. The
major biometallurgical methods for metals recovery are bioleaching and bio-sorption131,132. These processes
offer several advantages compared to conventional methods, including low operating costs and minimal
volumes of chemical pollution during the recycling process. However, to recover metals more economically,
biometallurgical processes need further investigation and improvement.
Numerous microorganisms, including algae, bacteria, yeasts and fungi, actively accumulate heavy and precious
metals. For example, bacteria (Thiobacillus thiooxidans, T. ferrooxidans) and fungi (Aspergillus niger,
Penicillium simplicissimum) produce inorganic and organic acids during their growing period that cause the
mobilization of metals (Pb, Cu, Al and Sn) from waste133. H. Brandl found that after a prolonged adaptation time,

U.U. Jadhav, H. Hocheng, A review of recovery of metals from industrial waste, J. of Achievements in Materials and Manufacturing
Engineering, 2012, vol. 54, issue 2, pp. 159-167.
117 H.B. Zhou, W.M. Zeng, Z.F. Yang, Y.J. Xie, G.Z. Qiu, Bioleaching of chalcopyrite concentrate by a moderately thermophilic culture in
a stirred tank reactor, Bioresource Technology 100 (2009) 515-520.
118 C.L. Brierley, How will biomining be applied in future, Transactions of Nonferrous Metal Society of China 18 (2008) 1302-1310.
119 J. Cui, L. Zhang, Metallurgical recovery of metals from electronic waste: A review, Journal of Hazardous Materials 158 (2008)
120 C. Cerruti, G. Curutchet, E. Donati, Bio-dissolution of spent nickel-cadmium batteries using Thiobacillus ferrooxidans, Journal of
Biotechnology 62 (1998) 209-219.
121 H. Brandl, R. Bosshard, M. Wegmann, Computer-munching microbes: metal leaching from electronic scrap by bacteria and fungi,
Hydrometallurgy 59 (2001) 319-326.
122 A.T. Lombardi, O. Garcia, Biological leaching of Mn, Al, Zn, Cu and Ti in an anaerobic sewage sludge effectuated by Thiobacillus
ferrooxidans and its effect on metal partitioning, Water Research 36 (2002) 3193-3202.
123 H.Y. Wu, Y.P. Ting, Metal extraction from municipal solid waste (MSW) incinerator fly ash-chemical leaching and fungal bioleaching,
Enzyme and Microbial Technology 38 (2006) 839-847.
124 F. Carranza, R. Romero, A. Mazuelos, N. Iglesias, O. Forcat, Biorecovery of copper from converter slags: slags characterization and
exploratory ferric leaching tests, Hydro-metallurgy 97 (2009) 39-45.
125 B.P. Xin, D. Zhang, X. Zhang, Y.T. Xia, F. Wu, S. Chen, L. Li, Bioleaching mechanism of Co and Li from spent lithium-ion battery by
the mixed culture of acidophilic sulfur-oxidizing and iron-oxidizing bacteria, Bioresource Technology 100 (2009) 6163-6169.
126 G. Zheng, L. Zhou, S. Wang, An acid-tolerant heterotrophic microorganism role in improving tannery sludge bioleaching conducted in
successive multibatch reaction systems, Environmental Science and Technology 43 (2009) 4151-4156.
127 B. Bayat, B. Sari, Comparative evaluation of microbial and chemical leaching processes for heavy metal removal from dewatered
metal plating sludge, Journal of Hazardous Materials 174 (2010) 763-769.
128 M. Hoque, O. Philip, Biotechnological recovery of heavy metals from secondary sources - An overview, Materials Science and
Engineering C 31 (2011) 57-66.
129 S.D. Kim, J.E. Bae, H.S. Park, D.K. Cha, Bioleaching of cadmium and nickel from synthetic sediments by Acidithiobacillus
ferrooxidans, Environmental Geochemistry and Health 27 (2005) 229-235.
130 W. Krebs, C. Brombacher, P. Bosshard, R. Bachofen, H. Brandl, “Microbial recovery of metals from solids,” FEMS Microbiol. Rev.,
Vol. 20, 1997, pp. 605–617.
131 D. Morin, A. Lips, T. Pinches, et al., “BioMinE – Integrated project for the development of biotechnology for metal-bearing materials in
Europe,” Hydrometallurgy Vol. 83, 2006, pp. 69–76.
132 E. Romera, F. Gonzalez, A. Ballester, et al., “Bio-sorption with algae: a statistical review,” Crit. Rev. Biotechnology, Vol. 26, No. 4,
2006, pp. 223–235.
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fungi grew at concentrations of 100 g/L, and Cu and Sn were mobilized with 65% efficiency, and Al, Ni, Pb, and
Zn with more than 95% efficiency134.

Figure 40: Biometallurgical plant schematic135.

Microbes such as Chromobacterium violaceum, Pseudomonas fluorescens and P. plecoglossicida can mobilize
gold, silver and platinum. During their life cycle these microbes produce cyanide, and many metals and
metalloids form well-defined cyanide complexes that often exhibit very good water solubility and high chemical
stability136. For example, both Chromobacterium violaceum and Pseudomonas fluorescens mobilized gold from
shredded scrap as dicyanoaurate, [Au(CN)2]−. P. plecoglossicida mobilized silver from jewellery waste as
dicyanoargentate, [Ag(CN)2]−.
3.6

Incineration

Incineration is a waste treatment process that involves the combustion of organic substances contained in
waste materials. The products from incineration are bottom ashes fly ashes, flue gasses and heat. The ash is
mostly formed by the inorganic constituents of the waste, and may take the form of solid lumps or particulates
carried by the flue gas. The flue gases must be cleaned of gaseous and particulate pollutants before they are
dispersed into the atmosphere. A substantial part of the generated heat may be used to produce electricity and
to heat houses or factories. Waste Incineration plants (see Figure 41) are composed of several units that have
specific tasks, and together they recover the energetic content of Municipal Solid Waste137.

H. Brandl, R. Bosshard, M. Wegmann, “Computer-munching microbes: metals leaching from electronic scrap by bacteria and fungi,”
Hydrometallurgy, Vol. 59, 2001, pp. 319-326.
135 http://www.talvivaara.com/operations/Production_process (Last visited 23-4-2013)
136 B. M. Chadwick, A. G. Sharpe, “Transition metal cyanides and their complexes,” Adv. Inorg. Chem. Radiochem, Vol. 8, 1996, pp. 83–
176.
137 http://www.wtert.eu (last visited 15-3-2013)
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Figure 41: Waste incineration plant schematic138.

The units are:
 Waste Bunker: holds the waste and is the part where the plant operator can pick up, sort the waste and
feed the incinerator using a crank.
 Feeding Unit: pre-dries the waste and feeds the incinerator.
 Furnace: incinerates the waste and destroys the organic component at temperatures above 800 degrees
Celsius; ash and metals are recovered.
 Boiler: utilizes the heat from the burning waste to superheat the water pipes.
 Energy Generation: the superheated steam is piped to a turbine generator to generate electricity.
 Flue Gas Cleaning: remove solid and gaseous pollutants from the gas before releasing through the stack
Incinerators reduce the solid mass of the original waste between 80–85% and 95-96%, depending on
composition and degree of recovery of materials such as metals from the ash for recycling. This means that
while incineration does not completely replace landfilling, it significantly reduces the necessary volume for
disposal.
Metal recovery
The ashes from incinerators may be discarded by landfilling. However, the ashes contain significant amounts of
metals. These originate for instance from metal foils in cardboard packaging, and small electronic appliances. A
study by Levlin139, carried out in Sweden, shows that ashes may contain up to 3.7 g/kg of Copper, 1.2 g/kg of
Zinc as well as various other metals.
The amount of recovered metals from ashes depends on the composition of the waste input140. For ferrous
metals, data from Belgium suggest a recovery rate of 55 – 60 % (mass of metal recovered/mass of metal input).
For non-ferrous metals, using Eddy Current separation after size reduction and screening, allows a 50 %
recovery rate (mass recovered/mass input). The actual value is dependent on the operational conditions of the
furnace. Non-ferrous metals, such as Pb and Zn, are found in the boiler ash and the flue-gas cleaning residue.
Al, Cu, Cr, Ni preferentially stay in the bottom ash. Oxidation of these metals (e.g. Al to Al 2O3) during
http://www.wtert.eu/global/images/doki/Waste_Incineration_Plant_Schematic.PNG (last visited 23-4-2013)
RESOURCES RECOVERY FROM INCINERATION ASHES, Erik Levlin, Division of Water Resources Engineering, Royal Institute of
Technology, S-100 44 Stockholm, Sweden, http://www2.lwr.kth.se/forskningsprojekt/Polishproject/JPS5s43.pdf (Last visited 17-4-2013)
140 Integrated Pollution Prevention and Control, Reference Document on the Best Available, Techniques for, Waste Incineration, August
2006. EUROPEAN COMMISSION, http://eippcb.jrc.es/reference/BREF/wi_bref_0806.pdf (Last visited 17-4-2013)
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combustion will hamper the effective separation by Eddy Current separators. The separated non-ferrous
fraction shows the following composition: 60% Al, 25% other metals, 15% residue. The other metals are mainly
copper, brass, zinc and stainless steel.
Table 6: Metal concentration in sludge, waste and ash139.

3.7

Summary and Conclusions

This chapter discusses the most significant steps in waste recycling. Based on the general flow of waste
streams, the various physical and metallurgical process were presented. The treatment of metallic coatings is in
essence not different from bulk material. Recovery of coatings requires first that the waste stream is made more
uniform, i.e. by creating small pieces (creating chaos), after which upgrading of the streams take place.
Recovery of coatings will be performed mainly with the aid of metallurgical separation techniques. An exception
forms the metallic coatings on non/metallic substrates. For this group of coatings various physical separation
techniques may be deployed. Note that most separation techniques result only in partial separation; to further
upgrade materials, various feedback loops in the total process are required.
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4

Recycling of coatings

4.1

Introduction

In this chapter several recovery and recycling techniques of metals from coatings will be discussed. The
selection will be based on the depletion rate, scarcity and value of the metal. In Table 7 an overview is given on
the use of different elements in coatings completed with data from the U.S. Geological Survey by U.S.
Department of the Interior Mineral Commodity Summaries 2013141.
Table 7: Overview of elements (metals) in coatings applied by the techniques in chapter 2, including EU data on critical raw
materials41 completed with data from USGS Mineral Commodity Summaries141. The elements relevant for this study
were presented earlier in Table 1.
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Based on the value of the annual turnover and the depletion rate of the element a need for recycling is indicated
and a selection of the most relevant elements for further study is indicated in Table 7. In the following sections
the recycling strategies and processes for these important elements will be discussed.
The following elements were selected and the recycling of these elements will be discussed:
 Platinum Group Metals (Pd, Pt, Rh)
 Gold
 Chromium
 Copper
 Nickel
 Silver
 Tin
 Zinc
In the next sections, each of these elements will be addressed. The importance of the elements will be indicated
by data on global and Dutch need for these elements. For the main (coating) applications of these elements, a
recycling route will be presented.
4.2

Recovery of Platinum Group Metals

The platinum group metals (PGMs) are six transitional metal elements that are chemically, physically and
anatomically similar. PGMs include: Iridium (Ir); Osmium (Os); Palladium (Pd); Platinum (Pt); Rhodium (Rh) and
Ruthenium (Ru). In the further analysis we will consider the three most interesting elements from recycling point
of view elements: palladium, platinum and rhodium.
Palladium, platinum, and rhodium (PPR) represent the key materials for automotive exhaust gas treatment due
to their unique ability to reduce harmful emissions. Since there are currently no adequate alternatives, the
importance of these metals for the automotive industry is rising steadily. Due to the high price of these metals,
PPR are mostly used in a form of thin coatings. Based on the fact that every new car has to be equipped with a
catalytic converter and the number of car registrations is steadily increasing, the demand for PPR is growing
continuously. Another major application area of PPR is in electronic industry. Some examples are: mother
boards that contain per ton around 80 gram palladium; mobile phone handsets, containing up to 130 gram per
ton palladium; and automotive catalytic converters, containing up to 2000 gram per ton PPR. This is much
higher than the platinum group metals content in primary ores (on average < 10 gram per ton)142. PPR recycling
rate from the end-of-life products in automotive sector reaches currently only 50-60 % 142. This is partially driven
by the EU legislation, such as EU end-of-life Vehicles (ELV) Directive5, however the dominant driver is still
economics. Waste from electrical and electronic equipment (WEEE) is the fastest growing waste category,
however the recycling rates for PPR in electronic applications are currently account for only 5-10 % 142. The
main drive for recycling in electronic industry is legislation such as the EU Waste Electrical and Electronic
Equipment (WEEE) Directive6.
142

C. Hageluken, Recycling the platinum group metals: A European perspective, Platinum Metals Rev., 2012, 56 (10), pp. 29-35

62

Important application areas of platinum, palladium and rhodium are summarised in Table 8.
Table 8: Some important application areas of Platinum, Palladium and Rhodium.

Application area

Platinum group metal
Platinum

Palladium

Rhodium

Catalyst

√

√

√

Electronics

√

√

Fuel cells

√

√

Glass, ceramics and pigments

√

Medical/dental

√

√

Jewellery

√

√

√
√
√

Palladium (Pd)
Sources of palladium production are quite limited. The US Geological Survey estimates that the world mine
production of palladium was 260 ton in 2011143. More than 80% of world palladium production is concentrated in
just two countries: the Russian Federation and South Africa. Russia accounted for about 41% of this production,
while South Africa accounted for over 38%. According to US Geological Survey statistics, about 150 ton or 30%
of palladium produced annually comes from recycled sources, primarily the automotive and electronics industry.
By far the largest use of palladium today is in coatings for automobile catalytic converters and is estimated
worldwide to be 57% (150 ton) of the total palladium production. The world production (and recycling) of cars is
about 80 million. In the Netherlands, about 250 thousand cars are recycled each year. This indicates a total of
about 500 kilograms of palladium per year; a market value of 8 million euros. Other major end-uses for
palladium include:





electronics sector (15%, 40 ton; mobile phone producers accounted for roughly half of this percentage,
20 ton)
jewellery (6.5%, 17 ton)
dental alloys (6%, 15 ton)
chemicals (4%, 7 ton)

Palladium-containing components are used in virtually every type of electronic device, from basic consumer
products to complex military hardware. Although each component contains only a fraction of a gram of metal,
the sheer volume of units produced results in significant consumption of palladium. The largest area of
palladium use in the electronics sector is in multi-layer ceramic (chip) capacitors (MLCC). Smaller amounts of
palladium are used in conductive tracks in hybrid integrated circuits (HIC) and for plating connectors and lead
frames. Palladium is used as an alternative coating material to gold for connectors. It has a lower density and
so less weight of metal is required for a coating of similar thickness comparing to gold.
Due to limited source availability, price volatility (the price for palladium more than doubled in the last 5 years)
and growing demand from automotive and electronic industries, palladium recycling is one of the hot topics on
the industrial agenda.
Platinum (Pt)
Platinum is considered to be one of the most precious metals. Presently, platinum deposits are concentrated
primarily in South Africa and Russia. In 2011, global platinum sales totalled about 250 tons 143. Platinum is
probably best known for its use in jewellery. However, jewellery only represents about 30% (75 ton) of the
Platinum Group Metals. U.S. Geological Survey Minerals Year book 2012,
http://minerals.usgs.gov/minerals/pubs/commodity/platinum/myb1-2010-plati.pdf (Last visited 17-4-2013)
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overall platinum use. Around 40% (100 ton) is used for catalytic converters, about 7% (17 ton) in glass industry
and about 6% (15 ton) in electronics.
Platinum coatings are very popular for many reasons. Platinum electroplating is used to coat electrodes that are
used for water purification, refining of oil, and in the manufacturing of fertilizers, acids, and explosives. The
automotive industry uses platinum plated catalytic converters to treat automobile exhaust emission. In the
medical industry, platinum plate is used on instruments such as catheters and connectors for surgical
equipment. Electrical and electronics industries use platinum plating for low voltage and low energy contacts. In
electroplating, platinum is often used to coat titanium, niobium, or stainless steel anodes. It is also used in the
jewellery industry. Platinum plating does not tarnish or oxidize and it is hypoallergenic – very few people ever
experience an allergic reaction. A thin deposit of platinum (typically range from 0.5 to 5 microns) protects the
substrate very well and has made platinum very popular for coating application.
Due to limited source availability and high price platinum is an interesting metal to be considered for recycling.
Analogue to Palladium, the total amount of recycled platinum from the automotive catalysts in the Netherlands
may be estimated as 300 kilogram per year; a market value of 12 million euros.
Rhodium (Rh)
Global rhodium consumption in 2011 was about 30 ton143. A majority of rhodium use, 69 % (20 ton) in 2006,
was used in the production of automotive catalysts. Other uses of rhodium were, in descending order, LCD
glass manufacturing, chemicals, electrical applications (sliding contacts in dial telephones and in the collectors
of high speed electrical generators, used in aerospace), and jewellery.
Rhodium is considered best in class of all the platinum metals family for resistance to corrosion and tarnish. As
a protective coating, rhodium finishes virtually eliminate any chance of surface discolouring even when exposed
to extreme environmental conditions under normal temperatures. Rhodium coatings are best in class for wear
ability among the precious metals. Of all metals in the platinum group, rhodium is by far the most
expensive. Rhodium is an extremely bright white metal. It is much whiter than palladium and platinum. For
this reason and because of its’ extreme hardness, rhodium is very commonly used as an electroplated surface
for fine jewellery. A typical rhodium thickness would be 0.5 -1 microns.
Due to high price and increasing demand from industry rhodium is a potentially interesting metal to be
considered for recycling. Analogue to Palladium and Platinum, the total amount of recycled Rhodium from the
automotive catalysts in the Netherlands may be estimated as 6 kilogram per year; a market value of two million
euros.
4.2.1

Recycling of Platinum Group Metals

Methods to recover the precious metals from leachates include cementation, solvent extraction, adsorption on
activated carbon, and ion exchange. The traditional medium for dissolving gold and platinum group metals is
aqua regia144, a mixture of three parts concentrated hydrochloric acid to one part concentrated nitric acid 145.
Park et al.146 studied aqua regia as a leachant to recycle metals in waste PWBs (Printed Wire Boards). They
found that when the ratio between the metals and leachant was fixed at 1/20(g/ml), about 97 wt.% of the input
gold was recovered with the help of a toluene extraction, about 98 wt.% of the input silver was recovered
without additional treatment, and about 93 wt.% of the input palladium was precipitated. Despite the high
recovery rate of regia leaching, it has many disadvantages, which hampers its wide industrial application. For
example, it requires special stainless steel and rubber-lined equipment, which increase equipment costs.
Moreover, the chlorine gas produced in the reactions is highly poisonous and may cause serious health risks.

B. Donmez, F. Sevim, S. Colak, “Study on recovery of gold from decopperized anode slime,” Chemical Engineering and Technology,
Vol. 24, No. 1, 2001, pp. 91–95.
145 P. Sheng, T.H. Etsell, “Recovery of gold from computer circuit board scrap using aqua regia,” Waste Management and Resource,
Vol. 25, No. 4, 2007, pp. 380–383.
146 Park, Y.J., Fray, D.J., Recovery of high purity precious metals from printed circuit boards, (2009) Journal of Hazardous Materials, 164
(2-3), pp. 1152-1158.
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Umicore has developed technology to recycle seventeen metals, including seven precious metals in one
plant147. The plant is divided into two major operational lines: Precious Metals Operations and Base Metals
Operations. Precious Metals Operations is composed of Smelter, Leaching and Electro-winning and precious
metals refining. The Cu bullion from the Smelter is granulated and refined in the Leaching and Electro-winning.
Pure Cu cathodes are produced, while the precious metals and impurities are collected in the tank house
residues (slimes). These are subsequently processed in the precious metals refining, realizing the separation of
Ag, Au, Pt, Pd, Rh, Ru and Ir. Base Metals Operations, on the other hand, flexibly processes the by-products of
the Precious Metals Operations, removing the major impurities and recovering certain metals. Base Metals
Operations is composed of the Blast Furnace, Lead Refinery and Special Metals Refinery. The Pb silicate slag
from the Precious Metals Operations Smelter is reduced in the blast furnace to form Pb bullion, and then pure
Pb and special metals are recovered by different processes. A schematic view of the processes of Umicore was
presented by Hagelüken and Corti148.
The Boliden Ltd. Rönnskär smelter in Sweden uses a unique development of the Kaldo technique. The
technique’s strength lies in the fact that rather than having to remove any and all plastic from the waste, it uses
the plastic to smelt the metals, thereby reducing the energy required. The Kaldo Furnace produces a mixed
copper alloy that is sent to the copper conversion operation for metal recovery (Cu, Ag, Au, Pd, Ni, Se, and Zn);
the dusts (containing Pb, Sb, In and Cd) are sent to other operations for metal recovery.
Johnson Matthey is a third company in Europe that deals with the recycling of PGMs149. Johnson Matthey has
facilities in the UK.
Biometallurgy has also made a step forward in developing technologies for PPR metals recycling, however it is
still at immature state. Waste streams from spent automotive catalysts and electronic equipment contain
substantial amounts of PPR. For those waste streams bacterial recovery is a promising recovery technique
since it is less labor expensive and requires less waste-generating chemicals than conventional recovery
techniques. However, as reported by De Corte et al.150, it is still a challenge to recover PPR from waste streams
using microorganisms due to the presence and interference of other metals (for example Cu, which is
abundantly present in electronic waste). Potentially very interesting, but further technology maturity is still
needed.

C. Hageluken, “Recycling of e-scrap in a global environment: opportunities and challenges,” in: L.V. Rajeshwari, S. Basu, R. Johri
(Eds), Tackling e-waste towards efficient management techniques, TERI Press, New Delhi, 2007, pp.97-104.
148 Hagelüken, C., Corti, C.W., Recycling of gold from electronics: Cost-effective use through 'design for recycling', (2010) Gold
Bulletin, 43 (3), pp. 209-220.
149 http://www.matthey.com/whatwedo/howweareorganised/preciousmetalproducts/services (Last visited 6-6-2013)
150 S. De Corte, T. Hennebel, B. De Gusseme, W. Verstraete, N. Boon, Bio-palladium: from metal recovery to catalytic applications,
Minireview, Microbial Biotechnology, 2012, vol 5(1), pp. 5-17.
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Figure 42: Simplified process flow sheet of Umicore’s integrated smelter-refinery at Hoboken,
Antwerp, Belgium148.
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4.3

Recycling of Chromium

The world production of chromium is about 24 million kilograms. Chromium as coating constituent is being used
in the following products:
 Electrocoated and electroless coated products
 Cans (ECCS)
 Catalyzers
Recycling of chromium is mainly reported as constituent of stainless steel151. It may be estimated from Papp152
that less than one per cent of chromium is used for coating applications. Recycled chromium will often return in
lower grade streams153, as separation of the specialty alloys from other scrap is never complete; some
chromium units are admixed with general ferrous or other scrap.
In decorative chromium coatings only a very small amount of the total chromium is deposited in metallic form154.
No information was found on the recovery or recycling of plated chromium. It is expected that this fraction will
be collected together with the non-ferro fraction after waste incineration. A far greater amount –up to six timespasses through the effluent treatment of the plating process and is effectively lost. Therefore it is more sensible
to focus on the recovery of chromium from electro deposition baths154, 155, 156, 157. Hauser154 reported on the
savings that were realized by recovery of Cr(VI) by evaporation from the rinse water. The return on investment
took three years. Other activities to treat these waste streams are mostly related to the reduction of Cr(IV) to
Cr(III) by reduction using iron158, 159, 160.
Nowadays there are some alternatives for electrochemically applied hard chromium plating. These are amongst
others thermal spray High velocity oxy fuel (HVOF) coatings161, Low temperature Arc Vapour Deposition
(LTAVD) coatings162 or organic coatings like Fluorex from Soliant163 (Akzo Nobel)164. The long term performance
of these alternative coatings is not known. This transition is driven by EU165 and US166 regulations further
restricting the use of hexavalent chromium, but hard chromium plating has not been replaced yet.

Birol, B., Saridede, M.N., Recycling of high quality steel scraps directly in electroslag remelting process (ESR), (2011) TMS Annual
Meeting, 2, pp. 959-965.
152 Chromium Life Cycle Study, 1994, Papp, John F., Federal Government Series: Information Circular - 9411.
http://pubs.er.usgs.gov/publication/70005356 (last visited 16-4-2013)
153 Reck, B.K., Gordon, R.B., Nickel and chromium cycles: Stocks and flows project part IV, (2008) JOM, 60 (7), pp. 55-59.
154 H. Hauser, Process-integrated recycling as exemplified by decorative chromium plating [Prozessintegriertes Recycling am
Praxisbeispiel des dekorativen Verchromens], (2011) Galvanotechnik, 102 (1), pp. 182-185.
155 Marquinez R., Pourcelly G., Bauer B., Ochoa J.R., Lopez R., Viala S., Mahiout A., Leinonen H., Chromic acid recycling from rinse
water in galvanic plants by electro-electrodialysis (Recy-chrom), (2005) REWAS'04 - Global Symposium on Recycling, Waste Treatment
and Clean Technology, pp. 1039-1048.
156 Machado, M.D., Soares, E.V., Soares, H.M.V.M., Selective recovery of chromium, copper, nickel, and zinc from an acid solution using
an environmentally friendly process, (2011) Environmental Science and Pollution Research, 18 (8), pp. 1279-1285.
157 Saf, A.T., Alpaydin, S., Coskun, A., Ersoz, M., Selective transport and removal of Cr(VI) through polymer inclusion membrane
containing 5-(4-phenoxyphenyl)-6H-1,3,4-thiadiazin-2-amine as a carrier, (2011) Journal of Membrane Science, 377 (1-2), pp. 241-248.
158 Gheju, M., Iovi, A., Balcu, I., Hexavalent chromium reduction with scrap iron in continuous-flow system. Part 1: Effect of feed solution
pH, (2008) Journal of Hazardous Materials, 153 (1-2), pp. 655-662.
159 Gheju, M., Balcu, I., Hexavalent chromium reduction with scrap iron in continuous-flow system. Part 2: Effect of scrap iron shape and
size, (2010) Journal of Hazardous Materials, 182 (1-3), pp. 484-493.
160 Zongo, I., Leclerc, J.-P., Maïga, H.A., Wéthé, J., Lapicque, F., Removal of hexavalent chromium from industrial wastewater by
electrocoagulation: A comprehensive comparison of aluminium and iron electrodes, (2009) Separation and Purification Technology, 66
(1), pp. 159-166.
161 http://www.stlmetallizing.com/engineering/Hard%20Chrome%20Replacement%20White%20Paper-%202012.pdf (last visited 19-22013)
162 Brondum, K., Larson, G.,Reinventing chrome coatings, (2005) Products Finishing (Cincinnati), 70 (3), pp. 48-52.
163 http://www.paintfilm.com/product.htm (last visited 19-2-2013)
164 http://www.akzonobel.com/sp/specialty_plastics/our_technologies/ (last visited 19-2-2013)
165 DIRECTIVE 2002/95/EC OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL of 27 January 2003 on the restriction of the
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151

67

4.4

Recycling of Copper

The world production of copper is about 17 billion kilograms. Copper is 100% recyclable. In volume, copper is
the third most recycled metal after iron and aluminium167. About 80% of all mined copper is still in use today and
of the total world demand, about 33% is supplied by recycled copper168. Approximately 65% of copper produced
is used for electrical applications169 (Power generation, transformers, motors, cables, electrical circuitry, wiring
and contacts for electronic devices). 25% of all the copper produced is used in buildings (for plumbing, roofing
and cladding. Transport accounts for 7% of copper usage (trains, trams, cars), of which a mayor part is used for
electronic purposes as well. The remaining 3% is used for coins, sculptures, musical instruments and cookware.
The process of recycling copper follows roughly the same steps as is used to extract copper, but requires fewer
steps. High purity scrap copper is melted in a furnace and then reduced and cast into billets and ingots; lower
purity scrap is refined by electroplating in a bath of sulphuric acid170. Copper alloys are usually recycled by
careful analyses of its composition after which pure copper may be added to produce new alloys.
4.4.1

Copper plating (Electronics / PWB)

Copper plating is the process in which a layer of copper is deposited on the item to be plated by using an
electric current. According to Zhou et all171, about 400 million kilograms of copper for PWBs is being used
worldwide on a yearly basis. A calculation analogue to the section on soldering tin shows that about 5 million
kilograms of copper end up in Dutch PWB waste. This amounts roughly to 50 million euro per year (~5 million
kilograms à of 10 €/kg (London metal exchange)). A paper by Youssef et all172 discusses a method for the
recovery of copper (and various other metals) from PWBs. They first used physical processes to reduce the
waste stream into equally sized ~1 mm diameter pieces. Secondly, they separated metal (containing) parts from
non-metallic parts using corona electrostatic separation and hydro-cyclone separation. Next, copper, together
with palladium and gold, is separated from the other metals using a hydrometallurgical process, more
specifically, nitro-hydrochloric acid. After these metals have been dissolved, they were separated using
electrolytic reduction in four successive steps with four different electrolytic cells. Copper is separated first as it
has the highest deposition rate. The recovery rate was 21 kg of copper from an amount of PWB waste of 125
kg. Note that this is close to the average 20% copper content of PWB waste; a near to 100% efficiency was
realized. A schematic overview of the processing route is depicted in Figure 43.
Alternative techniques for PWB-recycling in Europe are the large scale integrated smelter-refinery operations
such as the Umicore plant at Hoboken/Antwerp147, 148, 173 and the Kaldo Furnace, which is being used by Boliden
Ltd. Rönnskär in Sweden174. The strength of the Kaldo technique’s lies in the fact that rather than having to
remove any and all plastic from the waste, it uses the plastic to smelt the metals, thereby reducing the energy
required. The Kaldo Furnace produces a mixed copper alloy that is sent to the copper conversion operation for
metal recovery (Cu, Ag, Au, Pd, Ni, Se, and Zn); the dusts (containing Pb, Sb, In and Cd) are sent to other
operations for metal recovery.

http://en.wikipedia.org/wiki/Copper (last visited 15-3-2013)
http://copperalliance.org/history-of-copper (last visited 15-3-2013)
169 http://www.copperinfo.co.uk/applications.shtml (last visited 15-3-2013)
170 Overview of Recycled Copper, Copper Applications in Health & Environment, June 1998, Anon,
http://www.copper.org/publications/newsletters/innovations/1998/06/recycle_overview.html (Last visited 2-5-2013)
171 Zhou, Y., Wu, W., Qiu, K., 2010. Recovery of materials from waste printed circuit boards by vacuum pyrolysis and vacuum centrifugal
separation. Waste Management 30, 2299–2304.
172 Youssef. Chehade, Ameer. Siddique, Hisham. Alayan, Naveena. Sadasivam, Saeed. Nusri, and Taleb. Ibrahim, Recovery of Gold,
Silver, Palladium, and Copper from Waste Printed Circuit Boards, Proc. International Conference on Chemical, Civil and Environment
engineering (ICCEE'2012) March 24-25, 2012 Dubai, http://psrcentre.org/images/extraimages/312513.pdf (Last visited 17-4-2013)
173 Hagelüken, C., Corti, C.W., Recycling of gold from electronics: Cost-effective use through 'design for recycling', (2010) Gold
Bulletin, 43 (3), pp. 209-220.
174 http://www.boliden.com/Operations/Smelters/E-scrap-project/The-unique-Kaldo-technology/ (Last visited 24-4-2013)
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Figure 43: Process flow for extracting Copper and various other metals from PWBs172.

4.5

Recycling of Nickel

Nickel is the 5th most common element (after iron, oxygen, silicon and magnesium) that makes up the Earth
and 13th most common element in the crust, that part of the Earth where mining is feasible, according to the
Nickel Institute175. Nickel is very widely distributed in the crust (an average of 75 parts per million) and found in
more than 200 different minerals. Few of these, however, contain nickel in concentrations that make extraction
economically or environmentally attractive. Therefore recycling of Ni is also feasible from an economic
perspective176. Nickel is amongst the most valuable non-ferro metals (like aluminium, copper, zinc and lead).
Nickel as constituent from scrap stainless steel is generally reinserted into new stainless steel (same to same)
or nickel from recycled batteries going into nickel-containing stainless steel (former use to new form). According
to Larco177 about 7% of all nickel is used for plating applications.

http://www.nickelinstitute.org/Sustainability/Challenges/FindingandProducingNickel.aspx (last visited 15-3-2013)
www.nickelinstitute.org/Sustainability/LifeCycleManagement/RecyclingofNickel/Recyclingandstagesofeconomicdevelopment.aspx
(last visited 7-3-2012)
177 http://www.larco.gr/nickel.php (last visited 15-3-2013)
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Nickel is generally used in combination with other elements to produce alloys. The nickel content in alloys can
vary from 1-3% for special engineering steels, 8-14% for stainless steels, 15-40% for special engineering alloys,
40-90% nickel for special alloys for the aerospace and electronics industries. As usual practice nickel containing
alloys are recycled as the same special alloy. The stringent specifications and the cost of achieving these
special alloys can justify having their own closed loops. If the identity of the alloy can be maintained from
fabrication to end-of-life of the component, the alloy producer can use that scrap alloy to make new alloy
components. This is economically and environmentally efficient as it allows the producer to achieve high quality
product specifications without incurring extra refining or qualification costs.
57% of discarded nickel is recycled within the nickel and stainless steel industries, and 14% is lost to other
metal markets where nickel is an unwanted constituent of carbon steel and copper alloy scrap178. In practice it is
not always possible to maintain and segregate products and scrap into specific alloys. Alloys and products get
mixed. The nickel recycling industry has various ways of handling mixed nickel-containing scrap material in
order to optimize the retained value of the scrap. One common technique is to melt the mixture in order to
produce "remelt" ingot of a known composition for subsequent resale. A variant of this is to adjust the
composition of the remelted scrap by adding controlled amounts of primary metals in order to produce ingot to a
required specification for resale. A further technique is to "blend" recycle material from different sources to
produce a mixture which, when subsequently melted by the purchaser, will produce a melt with a specified
composition. This blending process is of increasing importance in stainless steel production.
Because of its value, nickel is used efficiently and sought after at the end-of-life of products. There are,
however, losses. Sometimes the nickel content of a fabricated product is too small at end-of-life to justify the
effort and expense of collecting, sorting and preparing of the material in a way that will preserve the nickel in a
usable form179. Examples of this can be engineering steels containing as little as 0.5% nickel, and steel or brass
products which are plated very thinly with nickel or chromium-nickel layers to protect the "substrate" product
from corrosion. Such products are occasionally identified, collected and sorted for the combination of the value
of the substrate material (usually steel or brass) and their nickel content. They can then be incorporated into a
special blended feed for producing a nickel-containing alloy - e.g., stainless steel, cupro-nickel (an alloy used in
coinage and end-uses such as tubing for the demanding corrosion-resistance required for desalination plants).
More often though, the products are collected and sorted according to their substrate alloy. In this case, the
nickel is "diluted" and as it goes into the general steel or brass pools.
4.6

Recycling of Silver

A major application of silver is for radiographic applications180. Radiographic film is a polyester sheet coated on
both sides by radioactive material, which is sensitive to light. It is used for industrial purposes, medical and
dental services for some investigations. Approximately 2 billion radiographs are taken around the world each
year, including chest X-rays, mammograms, CT scans, etc. Traditionally, 94-98% of X-ray films are used in
medical services181. In these radiographic films silver salt is used due to its high photosensitivity182. The amount
of silver varies between 1.5% and 2.0% by weight183. During the usage of light sensitive materials, about 80% of
the silver enters the fixing bath and the remainder (about 20%) remains in the films184. Various studies have
been carried out over a long period of time to recover the silver from wastes radiographic film. Two typical ways
to recover silver from used radiographic films are combustion technology and the acid leaching process. The
used film is incinerated at high temperatures in the combustion process and silver is recovered from ash by

Anthropogenic Nickel Cycle: Insights into Use, Trade, and Recycling, B.K. Reck et al. (2008)
www.nickelinstitute.org/Sustainability/LifeCycleManagement/RecyclingofNickel/HowNickelIsRecycled/WhenNickelisnotrecycled.aspx
(last visited 7-3-2012)
180 U.U. Jadhav, H. Hocheng, A review of recovery of metals from industrial waste, J. of Achievements in Materials and Manufacturing
Engineering, 2012, vol. 54, issue 2, pp. 159-167.
181 P. Khunprasert, N. Grisdanurak, J. Thaveesri, V. Danutra, W. Puttitavorn, Radiographic film waste management in Thailand and
cleaner technology for silver leaching, Journal of Cleaner Production 16 (2008) 28-36.
182 S. Heqing, T. Wujun, A review about 2004 and Expectation for 2005 in chinese silver market, Rare Metals Letters 24 (2005) 18-23.
183 N. Nakiboglu, D. Toscali, I. Yasa, Silver recovery from waste photographic films by an enzymatic method, Turkish Journal of
Chemistry 25 (2001) 349-353.
184 H. Zhouxiang, J. Wei, M. Zhao, J. Hu, A method to recover silver from waste X-ray films with spent fixing bath, Hydrometallurgy 92
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smelting and refining processes185. In the acid leaching process, used film is submerged into a strong acid
solution186. Nakiboglu et al.187 developed a novel, simple, fast, and cheap method for recovering the silver from
waste X-ray photographic films with NaOH stripping. Another study presents hydrometallurgical recovery of
silver from exposed X-ray films. In this process hydrometallurgical separation of inorganic component of films
from polymer substratum was carried out by leaching with oxalic acid solution. Advantages of this method are
production of silver in metallic form directly from leaching process with no side-products and possibility of
recycling of leaching agents188. Though burning the films directly is a conventional method used at present for
the recovery of silver, but it generates undesirable foul smell. The polyester film on which cannot be recovered
and this method causes environmental pollution. The use of chemical methods for stripping the gelatin-silver
layer cause environmental hazards. Also these methods are either time consuming or very expensive. Recently
attempts has being made to develop biometallurgical process to recover silver from X-ray/photographic
waste187,189. The emulsion layer on X-ray film contains silver and gelatin. Gelatin is a protein which contains a
large number of glycine, proline and 4-hydroxyproline residues. It is possible to break down the gelatin layer
using proteases and release the silver187,190. The enzymatic hydrolysis of the gelatin layers on the X-ray film
enables not only the recovery of the silver, but also the polyester base which can be recycled.
Silver from PWBs is recycled by Umicore147 and Boliden174.
4.7

Recycling of Tin

The world production of tin is about 360 million kilograms. According to ITRI, the global tin trade association191,
in 2010 about 52% of all tin (191 million kilograms) is used for soldering applications and 16% (60 million
kilograms) is used for tinplate. The second to large application group are chemicals. ITRI estimates that the
world tin recycling rate for tin to secondary refined pure metal is in the order of 8%. However, the main form of
reuse of tin is in alloy form which might reach 20% for brass and bronze alloys, and even higher, at 30-40% for
solder alloys.
4.7.1

Soldering Tin

As of 2011, somewhere between 20–50 million tons of waste electrical and electronic equipment (WEEE) are
produced per year including the PWBs according to Jha et al192. PWBs are rich of various metals totalling to
about 6% of the weight of e-waste or 1-3 million tons193. About half of the materials used in PWBs are ceramics,
more than a quarter are metallic and the remainder is plastic194. The metallic elements are distributed as Cu
(20%), Pb (2%), Sn (4%), Ni (2%), Fe (8%), and Zn (1%) as well as some precious metals like Ag (0.2%), Au
(0.1%) and Pd (0.005%) are also a part of these wastes195. The tin amount in e-waste contributes therefore to
about 80 million kilograms, or 40% of all solder tin. Within the Netherlands, a total of about 392 kiloton of

H. Ishikawa, K. Ishimi, M. Sugiura, A. Sowa, N. Fujiwara, Kinetics and mechanism of enzymatic hydrolysis of gelatin layers of X-ray
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187 N. Nakiboglu, D. Toscali, I. Yasa, Silver recovery from waste photographic films by an enzymatic method, Turkish Journal of
Chemistry 25 (2001) 349-353.
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separation. Waste Management 30, 2299–2304.
195 Huang, K., Guo, J., Xu, Z., 2009. Recycling of waste printed circuit boards: a review of current technologies and treatment status in
China. Journal of Hazardous Materials 154, 399–408.
185

71

electronic waste is produced per year196. The above numbers imply a total value in the order of 17 million euros
(~0.9 million kilograms à of 18 €/kg (London metal exchange)) of recyclable tin from PWBs per year for the
Netherlands alone.
One way to recover tin from e-waste is described by Jha et al197. They used old computers as waste and first
extracted manually the PWBs. Next, they removed small components and cut the PWBs in small pieces. These
pieces were immersed in an organic solution (N-N dimethylformamide) separating the thin metal sheets of
copper. As a result, an epoxy resin containing only tin and lead is obtained. Hydrochloric acid was found to be
the most suitable leachant for tin (as compared to nitric and sulfuric acid). After about 3 hours of leaching at 90
degrees Celsius, over 95% of the tin was leached out. The leaching of tin and formation of the black precipitate
of chloroplumbic acid {H2 [PbCl4]} as residue occurs according to the following reactions:
ܵ݊  Ͷ݈ܥܪ՜ ݈ܵ݊ܥସ  ʹܪଶ

ܾܲ  Ͷ݈ܥܪ՜ ܪଶ[ܾ݈ܲܥସ]  ܪଶ

The tin metal was precipitated as sodium stannate (Na2SnO3). Further processing of the stannate may be
performed as described in the next section concerning tinplate. A schematic overview of the process is depicted
in Figure 44.

Figure 44: Process flow for extracting tin from PWBs197.

Umicore’s integrated smelter-refinery at Hoboken, Antwerp, Belgium148 can also be employed to recover tin
from PWBs, see also Figure 42.

Huisman, J., M. van der Maesen, R.J.J Eijsbouts, F. Wang, C.P. Baldé, C.A Wielenga (2012). The Dutch WEEE Flows. United
Nations University, ISP - SCYCLE, Bonn, Germany, March 15, 2012.
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4.7.2

Tinplate

Tinplate is steel sheet or strip, coated on both sides with commercially pure tin and has been used for well over
a hundred years as a robust form of food packaging. Within Europe, about four million kilograms of tin per year
is used in tinplated cans198. The Dutch food and beverage cans contribute to about 150 million kilograms of
tinplate per year199, containing about 0.05% weight fraction of tin. Steel cans are made from tinplate steel with
an additional organic coating. Given a current tin price of 18 €/kg (London metal exchange), the total value of
tin of the yearly recycled cans amounts to about 1.350.000 €. The price of tin is about 100 times higher than the
price of scrap steel, meaning that it contributed to about 5% of the total scrap value. Old cans are recycled by
collecting them with the household waste streams. They are separated from waste streams using magnets.
Before metal extraction, a number of processes are required, such as rinsing, crushing and secondary washing.
In the case of the varnished tin plates processing, the varnish is usually removed by heating the metallic waste
in air at 240 – 270 °C. a second waste stream comes from the cutting waste during production of cans,
amounting to up to 25% of the total tinplate use. This waste stream is intrinsically cleaner and easy to collect
from can production plants. Tin can be extracted in various ways. Sokic et al200 state that chlorination treatment,
alkaline leaching and electrolytic dissolution and deposition are the most important ones201, 202.
Chlorination method
The chlorination treatment is based on the chemical reaction between tin and gaseous chlorine. The reaction
produces liquid tin chloride which is contaminated with iron and requires refining. Distillation can be used to
remove iron and free chlorine as well as to produce tin metal or tin salts. Tin metal can be produced from tin
chloride (SnCl4) by two methods: cementation with a less noble metal such as aluminium or zinc and
electrolysis process with insoluble anodes producing a rather pure tin metal (99.8 %) with some lead (0.1 – 0.25
%) and small traces of iron and zinc.
Alkaline leaching and electrolytic deposition
Alkaline leaching makes use of the solubility of tin (and insolubility) of iron in alkaline solutions. Using for
instance Sodium hydroxide and oxygen, the tin is transferred into sodium stannite according to the following
equation:
ܵ݊  ʹܱܰܽ ܪ ܱଶ ՜ ܰܽଶܱܵ݊ଷ  ܪଶܱ

The second step in the process is the extraction of tin from the sodium stannate. The common ways to extract
tin from the sodium stannate solution are: electrolysis process with insoluble anodes, precipitation with CO 2,
NaHCO3 or Ca(OH)2 and treatment with acids, such as H2SO4.
Electrolytic dissolution and deposition
A widely applied procedure for tin extraction and recovery from the waste tin plates is electrolytic precipitation.
Due to its high electrical conductivity and passivity toward iron, the sodium hydroxide solution serves as the
electrolyte. The tin plates are used as soluble anodes in the electrolytic cell. Tin is dissolved from the plates by
anodic reaction and electrolytically deposited at the cathode in the form of a porous, spongy metal. Electrolysis
with insoluble anodes in the alkaline solution containing tin produces tin at the cathode. The essence of the
process is separately leaching of tin from the waste tin plates with sodium hydroxide solution containing a
suitable oxidant and afterwards electrolytic deposition of tin with insoluble anodes. Using this process, a small
amount of about 0.028% Sn remains on the waste tinplate, whereas the produced tin contains 99.95% Sn. A
total recycling efficiency of up to 88% can be achieved. This procedure is used for treatment of waste tin plates
and metallic packages in Russia, Great Britain, Slovakia, etc.200. In Figure 45, a schematic representation of
the full detinning process is presented.

Deduced from: Blunden, S., Wallace, T., Tin in canned food: A review and understanding of occurrence and effect, (2003) Food and
Chemical Toxicology, 41 (12), pp. 1651-1662.
199 blikdossier, feiten en wetenswaardigheden over de kringloop van blik, 2007, Stichting Kringloop Blik, www.kringloopblik.nl
200 Sokic M, Ilic I., Vuković N., Markovic B. Procedures for primary pretreatment and processing of waste tin plates and metallic
packages, Acta Metallurgica Slovaca, 12, 2006, (354 - 361)
201 Carlin J.F.: Tin, in Minerals facts and problems: U.S. Bureau of Mines Bulletin 675, 1985, 847-858.
202 Pearce S.C.: Developments in the smelting and refining of tin – Proceedings of the World Symposium on Metallurgy and
Environmental Control, Las Vegas, TMS-AIME, 1980, 754-769.
198
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According to Sokic at al200, the three process may be compared as indicated in Table 9.
Table 9: Comparison of detinning techniques of tinplate200.

Chlorination method
+ Most efficient
- Toxic chlorine needed
- Large equipment

Alkaline leaching
(mostly used method)
+ High purity of recovered tin
+ High efficiency
+ Continuous and dis-continuous

Electrolytic dissolution and
deposition
+ Simple equipment
- Low efficiency
- Low purity of recovered tin
- Discontinuous process
- Labour intensive

Figure 45: Technological procedure for processing of waste tin plates and metallic packages200.

Tin recycling in the Netherlands
In the Netherlands the recycling of tin plate is being performed in a commercial manner by the Nederlandse
Onttinningsfabriek BV in Leeuwarden203. Tin scrap is pressed in packages of 60*60*40 cm, placed in cages and
immersed in electrolyte baths. During the electrolyses process in a caustic solution, the tin layer will be
dissolved and deposited on the cathodes in the bath. The deposited tin will be removed periodically and
pressed to discs. Customers refine the tin to a purity of 99.99%. The detinned steel are being pressed in
packages and sold to steel manufacturers and casting plants.

203

Nederlandse Onttinningsfabriek BV, http://www.onttinning.nl/index.html. (last visited 15-3-2013)
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Figure 46: Detinning by electrolysis203.

Nowadays tinplate is often inserted in a BOF or an EAF without additional treatment.
4.8

Recycling of Zinc

The use of galvanised steel in construction, automotive and consumer products industries increased in recent
decades, which has resulted in increasing amounts of galvanised steel scrap available for recycling. At the end
of the service life zinc coated steel will be collected at waste collectors, scrap traders and car recycling. The
zinc content in (recycled) steel should not exceed 0.0015 %, as this causes hot tearing.
A significant amount of galvanised steel is found in the recycling of cars. Within the Netherlands, about 250
thousand cars are recycled every year. Per year, about 1.5 million kilograms of zinc may be recycled from this
waste stream with a total value of over two million euros.
Recycling of zinc can be performed in several ways:
 During steel making
 Using hydrometallurgical techniques
 During refurbishing
In the following sections each of these methods will be further elaborated.
4.8.1

Recycling during steel making

For the steelmaking techniques used in the Netherlands different measures should be taken to introduce scrap
steel with zinc204. Steel scrap with zinc cannot be inserted into a blast furnace, as being used by Tata Steel. The
insert of zinc coated steel in a blast furnace is dangerous, as zinc vapour condenses at colder parts of the
furnace, and may break loose when liquid iron is tapped from the furnace. This causes a breakout of zinc
vapour, which is very harmful for the operators. For this process scrap should be cleaned from zinc in advance.
Zinc contamination from the ore will evaporate and be collected in a hydrocyclone battery and separated in a
fraction with high zinc content and a fraction with low zinc content. The fraction with low zinc content will be
reintroduced in the process. The fraction with high zinc content will be processed further by an external party
DK Recycling und Roheisen GmbH in Duisburg205. DK optimized their blast furnace process and is now able to
process steel with zinc contents up to 10%. The exhaust air from the furnace - the furnace gas - contains dust

Terugwinning van zink bij de recycling van verzinkt staal(schroot), Tieman B.M. , http://www.agentschapnl.nl/en/node/95698 (last
visited 26-1-2013)
205 DK Recycling und Roheisen GmbH.
204
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and is cleaned in dry and wet cleaning steps. The herewith produced high-purity zinc concentrate with zinc
content of 65-68% is a valuable by-product and is sold to zinc smelters. The purified gas is converted and used
in a power plant and for the preheating of the air blown into the blast air used.
The Blast Oxygen Furnace (BOF or oxysteel) process needs scrap to lower the temperature in the process. If
there is some zinc in the scrap, this will evaporate The dust in the exhaust of the BOF process will be inserted
in the blast furnace or will be send for recycling205. In this process also a low amount of zinc is required, as the
exhaust gas is being inserted in the sinter it will be further fed in the blast furnace.
When galvanized scrap is introduced in an Electric Arc Furnace (EAF), as being used by Nedstaal in the
Nederlands, temperatures will reach 1600 °C or even higher. Many components of the charge, including Zn, Fe,
Pb and Cd are volatized and entered in the vapour phase. A large quantity of dust will be created when the
vapour is cooled and collected. EAF dusts are classified as hazardous wastes, resulting in high cost when
disposed. Zinc comprises the largest metallic portion of EAF dust, the concentration varies between 7 and 40
%. The zinc content is increased by reintroducing the dust in the EAF to achieve a percentage of zinc in the
dust of about 40%.
Recently, the processing of EAF dusts for zinc recovery has been becoming more attractive due to the
depletion of high-grade zinc ores as well as the increasingly stringent environmental protection regulations. The
fly ash contains between 52 and 60% zinc as oxides, chlorides and fluorides. Several pyro- and hydro
metallurgical recovery methods were developed with recovery rates between 60 and 94%. The remainder stay
behind in the slag. Worldwide the major part of the zinc dusts is being processed in the Waelz-process 204. A
disadvantage of the Waelz-process is that only about 65% of the zinc in the EAF dusts will be recovered. The
remainder will be landfilled.
In a next step at Nyrstar the resulting Waelz-oxides need to be roasted to remove sulphur from the ore. Chloride
and fluoride will also be removed and wet scrubbed. Chloride stay in the process and fluorides will be removed
by calcium. Nyrstar in Budel uses about 18% of Waelz-oxides as base material for the zinc production.
Other techniques for the processing of EAF dusts are Rotary Hearth Furnaces, commercialised as the
“Fastmet” plant206 in operation in Japan. The zinc recovery rate of this process is 95% 206. This process is
patented by Nippon Steel in 2003 with three patents, that were also filed in Europe in two patents207,208. Both
European patents are still in force and the ownership was shared with Sumitomo Metal Corporation in 2013.
Zincox uses this technique in the USA. Arcelor-Pombino (Italy) developed Redsmelt NST (New Smelting
Technology) with financial support of the EU. This development was stopped after the sale of the company to a
Russian company204.
Another novel technique for zinc removal from EAF dust is the Flash Reactor209, which is patented by
Edlinger210,211. A high gain of zinc recovery is claimed as well as full removal of chlorides and fluorides. No
further reference to this technique were found, so it is unknown if this technique was used further.
A next technique, also applicable for zinc recycling was developed in Australia by Floyd of Ausmelt Ltd. This
invention, a Top Submerged Lance (TSL) reactor was patented on 19-11-1985 (WO8703010), see Figure 47.
This technique was developed further to a pyrometallurgical process for the treatment of212:
 copper, nickel, lead, tin and polymetallic concentrates
 copper and lead secondaries
 zinc bearing residues
 PM & PGMs
 various waste materials, like EAF-dust, and ferrous feedstocks
http://www.kobelco.co.jp/p108/fastmet/indexe.htm (last visited 26-1-2013)
EP1561829A1 Method for reduction treatment of metal oxide or iron making waste, and method for concentration and/or recovery of
zinc and/or lead.
208 EP2100978A1 Method of reduction treatment of metal oxides or steelmaking waste and method of concentrating and recovering zinc
and/or lead.
209 Use of the flash-reactor principle to recover zinc from steel-mill dusts, Antrekowitsch, J, Graller-Kettler, G, Matl, B (Matl, B);
Pestalozzi, A, JOM Volume: 57 Issue: 8 Pages: 43-46, 2005.
210 A. Edlinger, “Method for Treating Slags or Slag Mixtures on Iron Bath,” patent WO 01/55459 A1 (2001).
211 A. Edlinger, “Method for Reprocessing Dust or Dust Mixtures,” patent WO 01/55460 A1 (2000).
212 http://www.outotec.com/ImageVaultFiles/id_721/d_1/cf_2/OTE_Outotec_Ausmelt_TSL_Process_eng_web.PDF (last visited 15-32013)
206
207
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The Ausmelt TSL zinc fuming technology, now represented by Outotec213,214 has a high yield in the recovery of
valuable metals from the zinc residue and protects the environment by producing an environmentally
acceptable slag product which is clean and safe for disposal or use as construction material. Zinc residue
processing in this furnace comprises the smelting of residues with coal as reductant and produces an oxide
fume and slag containing <3% zinc and <1% lead. The process achieves a high recovery rate of lead and zinc
plus other high value metals, such as silver and indium to the fume product. Fuel, air and oxygen are injected
into the molten bath via a vertically suspended lance. The process is very efficient due to the strong agitation
and flushing effect in the vessel.

Figure 47: Top Submerged Lance (TSL) reactor212.

4.8.2

Economics of zinc recycling from residues of steel making

Electric Arc Furnace (EAF) dust has been recycled pyrometallurgically for the recovery of zinc by the Waelz kiln
process since the beginning of the 1980's mainly in the USA, Japan and Europe. Two factors have promoted
the application of the Waelz kiln for the processing of EAF dusts215. These were:

http://www.outotec.com/en/Media/News/2012/Marketing-rights-for-Ausmelt-TSL-zinc-fuming-technology-to-Outotec/ (last visited 8-32013)
214 http://www.reuters.com/article/2012/12/12/idUS123566+12-Dec-2012+HUG20121212 (last visited 8-3-2013)
215 Piret, N.L., EAF dust processing: Rotary Hearth a potential substitute for the Waelz Kiln?, (2012) World of Metallurgy ERZMETALL, 65 (5), pp. 306-316.
213

77

1. The similarity of the EAF dust to neutral zinc leach residue with regard to its composition of iron and
zinc as well s the presence of zinc ferrite
2. The availability of idling Waelz Kiln equipment, which had become redundant since the commercial
implementation of the jarosite process and other hydrometaIlurgical treatment processes for the
recovery of zinc from neutral leach residues.
This evolution was the result of the implementation of environmental legislation and the prohibiting or penalising
the disposal of EAF dust as hazardous waste in a landfill, the high growth rate of EAF steel production and
higher metal prices. Worldwide only 40% of EAF dust is recycled, in Europe this figure is 98%. 80% of the EAF
dust is treated with the Waelz Kiln process215. It is also accredited BAT (Best Available Technique) technology:
It can be operated without waste effluent discharge and with emissions to the environment well below the limits.
The only by-product (iron slag) is environmentally stable and fulfils international eco toxicity requirements. As
such it is suitable for road and other construction applications.
Piret215 reviewed also alternative techniques for treating EAF dust. These are:
 Rotary Hearth Furnace (RHF)
 Multiple Hearth Furnace (MHF)
 Low Shaft Furnace (MF)
 Oxycupola Furnace (Oxycup)
 Submerged Plasma Arc furnace
 Flash Smelting processes
o Flame Reactor
o Con top Cyclone
 PIZO (pig iron, zinc oxide) Induction Furnace
 Top Submerged Lance (TSL) process
Each of the processes, excluding Rotary Hearth Furnace, have only one or two commercial installations, due to
various reasons like: high cost process, high technical complexity, early development stage, high energy
consumption or poor logistics. Some of these installations are already discontinued.
The Top Submerged Lance (TSL) Ausmelt216 process is still in a very early stage of commercial development
for the treatment of EAF dust according to Piret215. Rotary Hearth Furnace is regarded as most likely candidate
for the replacement of Waelz Kiln and a number of commercial applications are in operation, but a thorough
evaluation by Piret reported215 that these installations do not exhibit excellence performance in general. Critical
prerequisites for a commercial RHF operation are:
 Low retention time to achieve productivity
 High reaction rate necessary due to low retention time. This can only be achieved under the following
conditions:
o Elevated temperature in the hearth (1250 – 1350 °C)
o Good contact between the reacting feed and the reductant in the static charge
o Limited thickness of charge layer on the hearth
After an in-depth analysis Piret215 expressed strong doubts on the suitability of the RHF process for the
treatment particularly of EAF dust as a substitute to the well-established Waelz process. The analysis of the
RHF process showed that the objective of achieving a high degree of metallisation and dezincing, enabling
subsequent iron product treatment in the EAF or BOF, is inherently opposite to the general economic driving
force of an elevated productivity of the operation.
4.8.3

Recycling of zinc using hydrometallurgical techniques

Zinc can also be removed from steel using several hydrometallurgical techniques. The most relevant techniques
will be further explained:
 Caustic (alkaline) dezincing
 Dezincing by chlorination
 Acidic dezincing
216

http://www.outotec.com/en/About-us/Our-technologies/Smelting/Ausmelt-smelting-and-converting/ (Last visited 26-4-2013)
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Caustic (alkaline) dezincing
The removal of zinc in a caustic solution is a logical choice. Due to the amphoteric nature of zinc, it can be
dissolved in low and in high pH solutions. Iron is passive at high pH. In alkaline solutions (70-90 °C) zinc will be
oxidised spontaneously to Zn(OH)42-. At the same time water will be reduced to hydrogen gas. This latter step
proceeds slowly, but the addition of iron217,218, or another noble metal in the solution will speed up the reaction.
Iron will not be attacked in this environment, and can be rinsed afterwards and fed in a BOF (Basic Oxygen
Furnace) or to an EAF (Electric Arc Furnace).
The concentrated electrolyte is pumped to an electrochemical cell where the zinc is electrochemically removed
from the solution. This process is commercialised by Metal Recovery Industries Inc219. In France a similar
process is being running Compagnie Européenne de Dezingage S.A. (CED), which is initiated by Tata Steel
(Hoogovens) Scrap Processing en de Compagnie Française des Ferrailles220.
Dezincing by chlorination
Another option to remove a zinc layer from steel is by chlorination221 as a thermodynamic study learned that the
chlorides of non-ferrous metals are more stable than the oxides. For ferrous metals this is the opposite.
Advantages of this process are that chlorine is readily available and volatile chlorines are easy to separate,
there is better surface contact between gas and scrap. This results in effective zinc removal in a short time and
less surface preparation is required. An important disadvantage is that chlorine gas is highly corrosive and toxic,
however millions of tons of chlorine gas are produced by the chemical industry.
In galvanised steel, the chlorination process selectively attacks zinc, producing volatile zinc chloride and
oxidises of iron that provides a protective layer against the attack of chlorine. Thermodynamics predict that iron
oxide is more stable than iron chloride, while zinc chloride is more stable than zinc oxide.
The study performed by Tee and Fray221 showed that both electro galvanised zinc and galvannealed zinc could
be removed, which proves the technical feasibility of separating zinc from iron and steel through the use of air
and chlorine mixtures. The presence of an organic coating does not affect the result as the coating will
decompose under these conditions.
After chlorination the non-ferrous can be separated by evaporation. They can be separated afterwards by
condensation, based on the different boiling points of ZnCl2 (732 °C), PbCl2 (950 °C), CdCl2 (772 °C).
Purification of chlorides to obtain ZnCl2 (aqueous) can be achieved by cementation222, which is followed by
electrolysis of aqueous zinc chloride to obtain pure zinc and chlorine gas223. This process will produce zinc as a
product and chlorine that can be fed back to the oxychlorination step.
Acidic dezincing
Schönfelder et. al.224 developed a technique for predezincification using acid dezincification to industrial
maturity. The process is based on the inhibitory effect of wash- and draw oils. These protective oils are
Galvanic coupling of zinc to steel in alkaline solutions, Wijenberg, JHOJ; Stevels, JT; de Wit, JHW, ELECTROCHIMICA ACTA
Volume: 43 Issue: 7 Pages: 649-657, 1998.
218 Acceleration of zinc corrosion in alkaline suspensions containing iron oxides or iron hydroxides, Alonzo, V; Darchen, A; Hauchard, D;
et al., ELECTROCHIMICA ACTA Volume: 48 Issue: 8 Pages: 951-955, 2003.
219 US5855765A Process for dezincing galvanized steel using an electrically isolated conveyor.
220 http://www.eurekanetwork.org/c/document_library/get_file?uuid=5ea15577-044d-4202-9a9e-1dc8ed1a3bc3&groupId=10137 (last
visited 26-1-2013)
221 Recycling of galvanised steel scrap using chlorination, Tee, JKS; Fray, DJ, IRONMAKING & STEELMAKING Volume: 32 Issue: 6
Pages: 509-514, 2005.
222 FRAY, D.J. An investigation into the recovery of zinc from zinc chloride-sodium chloride mixtures by electrolysis, JOURNAL OF
APPLIED ELECTROCHEMISTRY 3 (1973) 103-112
223 Zinc Electrowinning From Aqueous Chloride Electrolyte, MACKINNON, DJ; BRANNEN, JM; MORRISON, RM, JOURNAL OF
APPLIED ELECTROCHEMISTRY Volume: 13 Issue: 1 Pages: 39-53, 1983.
224 Dezincification of Steel Scraps, Schoenfelder, Ingo; Gock, Eberhard; Vogt, Volker; et al. CHEMIE INGENIEUR TECHNIK Volume: 84
Issue: 10 Special Issue: SI Pages: 1749-1756, 2012
217

79

preventing the leaching of iron in combination with zinc. The industrial efficiency has been verified by setup and
operation of a dezincification pilot plant with a nominal throughput of 24 tons per day. The current throughput
could be increased to 100 tons per day. A dezincification grade up to 99% could be obtained for electroplated
and hot dipped scrap sheets as well as mixtures of both. In comparison to the common dezincification process
route energy saving by the factor of 50 and a CO2 reduction by a factor of 40 is achieved.
4.8.4

Zinc recycling during refurbishing (ARROSO-project225)

A novel initiative in this field is the AROSSO-project226 that aims at the electrochemical dezincification,
refurbishing and hot dip galvanisation of the product, instead of dezincification of scrap. After this treatment the
product can be reused in the original application. A pilot project was carried out with financial support from
Agentschap NL on the refurbishment of crash barriers.
The implementation of this method is hampered as recycling is not a part of the novel contracts and the time
needed to take the old crash barrier apart is often much longer than scrapping the barrier.

Figure 48: (left) Cutting of crash barrier. (right) Result after cutting of crash barrier226.

4.8.5

Recycling of zinc alloys

In practice often zinc alloys are applied. These are:
 Zinc – Magnesium (MagiZinc®227)
 Aluminium-Zinc (Aluzinc228 / Galvalume229): 55% Al, 45% zinc
 Zinc – Nickel: (12-15% Ni)
When these metals need to be recovered from scrap a different route needs to be followed as was used to
recover these metals from natural recourses. Nakajima et.al.230 studied this problem and proposed a graph that
depicts the recyclability based on thermodynamics. This graph is presented in Figure 49.

http://www.agentschapnl.nl/programmas-regelingen/renovatie-en-hergebruik-geleiderails-mogelijk (last visited 26-1-2013)
Praktijkproef hergebruik geleiderail-Eindrapport
http://www.agentschapnl.nl/sites/default/files/bijlagen/Praktijkproef%20hergebruik%20geleiderail-Eindrapport.pdf (last visited 26-1-2013)
227 http://www.tatasteel.nl/markt/slimmer-staal-sterkere-wereld/magizinc.html (last visited 21-5-2013)
228 http://www.aluzinc.com/index.cfm (last visited 21-5-2013)
229 http://www.galvalume.com/ (last visited 21-5-2013)
230 Nakajima, K., Takeda, O., Miki, T., Nagasaka, T., Evaluation method of metal resource recyclability based on thermodynamic
analysis, (2009) Materials Transactions, 50 (3), pp. 453-460.
225
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Figure 49: Element distribution circle among gas, slag and metal phases during metal recovery230.

From this graph it can be derived that when aluminium-zinc coated steel is recycled in an EAF or a BOF the
aluminium will be collected in the slag. Zinc will evaporate like the recycling of zinc coated steel in an EAF. At
the recycling zinc-magnesium coated steel the magnesium will be collected in the slag. When zinc-nickel coated
steel sheet is inserted in an EAF, the nickel will be collected in the melt with the iron and the zinc will evaporate.
To recover all elements separately it will be necessary to apply dezincing by chlorination221. Another option will
be to employ the Ausmelt TSL zinc fuming technology213, 214.
4.9

Importance of waste collection

A wide variety of recycling techniques was presented in this chapter, enabling the recovery of almost any part or
material from a discarded product, but the successful application of these technologies is fully dependent of the
collection rate of discarded products.
Automotive Recycling Nederland detected a mismatch between the number of cars that were reported as send
for scrapping and the number of cars that arrived at shredder companies231.
Reuter and Van Schaik232 reported that ”Currently, also valuable metals are also lost because of weak collection
of end-of-life devices or within the recycling chain, and this holds us back from achieving goals of high-resource
efficiency, resource security and higher recycling rates.”
Reck and Graedel233 reported about the special case of metals used in small amounts that are those with high
economic value, such as precious metals. Their value is a key incentive for recycling234, yet their end-of-life

http://www.arn.nl/content/download/1223/13531/file/ARN%20Duurzaamheidverslag%202011.pdf (Last visited 26-4-2013)
Reuter, M., Van Schaik, A.”, Opportunities and limits of WEEE Recycling - Recommendations to product design from a recyclers
perspective, (2012) Electronics Goes Green 2012+, ECG 2012 - Joint International Conference and Exhibition, Proceedings, art.
no. 6360421
233 Reck, B.K., Graedel, T.E., Challenges in metal recycling, (2012) Science, 337 (6095), pp. 690-695.
234 Streicher-Porte, M., Widmer, R., Jain, A., Bader, H.-P., Scheidegger, R., Kytzia, S., Key drivers of the e-waste recycling system:
Assessing and modelling e-waste processing in the informal sector in Delhi, (2005) Environmental Impact Assessment Review, 25 (5
SPEC. ISS.), pp. 472-491.
231
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recycling rate is at best on the order of 60 %235. The reason is that despite high recycling rates for traditional
uses in jewelry or industrial catalysts, the collection and recycling of platinum, palladium, and rhodium from
automotive catalysts is more challenging. Here, collection rates fluctuate around just 50% in developed
countries, largely as the result of exports of used vehicles to developing countries with minimal recycling
technology236. The same factors are also involved in the meager 5 to 10% recycling of platinum group metals in
electronics237. Within developing countries, informal recycling and low-technology processing combine to
sharply limit the recovery of precious metals from consumer products238.
4.10

Summary and Conclusions

In this chapter, the most significant metals, as used in coatings with respect to recovery need have been
identified and discussed. For each of them, based on literature research, market volumes, applications and
recycling technologies have been identified. In general terms, recycling will always follow a similar route as
indicated below:
1.
2.
3.

Mechanical / manual disassembly (dismantling)
Physical Upgrading
Metallurgical separation

In this chapter, for selected materials and applications, a metallurgical separation route has been presented.
When applicable, market volumes and their economic value have been presented. This data is summarised in
Table 10. The grand total market value of (pure) recoverable metals from coating applications is in the order of
a hundred million euros for the Netherlands alone.
Table 10: Overview of critical metals, identified market applications and volumes and economic value.

Element

Application

Palladium
Platinum
Rhodium
Chromium
Nickel
Copper
Tin

Automotive catalyst
Automotive catalyst
Automotive catalyst
Electro deposition baths
Unidentified
PWB
PWB
Tinplate
Car body

Zinc

Volumes in the
Netherlands
500 kg
300 kg
6 kg
< 2000 tons
< 1000 tons
< 1000 tons
1000 tons
75 tons
1500 tons

Economic
value239
8 M€/y
12 M€/y
2 M€/y
< 4 M€/y
< 10 M€/y
50 M€/y
17 M€/y
1.4 M€/y
2 M€/y

For all metals named in Table 10 there are several recycling technologies available. For E-waste
these technique are integrated processes, were several metals are recovered.
Another remark is that special attention should be paid to the collection stage of waste, as a
significant portion of the scarce and expensive metals is lost.

Graedel, T.E., Allwood, J., Birat, J.-P., Buchert, M., Hagelüken, C., Reck, B.K., Sibley, S.F., Sonnemann, G., What do we know about
metal recycling rates?, (2011) Journal of Industrial Ecology, 15 (3), pp. 355-366.
236 http://ec.europa.eu/environment/waste/reporting/pdf/elv_report.pdf (Last visited 26-4-2013)
237 Hagelüken, C., Recycling the platinum group metals: A European perspective, (2012) Platinum Metals Review, 56 (1), pp. 29-35.
238 D. Rochat, C. Hagelüken, M. Keller, R.Widmer, paper presented at the R’07 Conference, Davos, Switzerland, 3 to 5 September
2007; http://ewasteguide.info/files/Rochat_2007_R07.pdf. (last visited 26-4-2013)
239 Value for pure metal, actual value may differ if low purity recovery is realized.
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5
5.1

Eco Design
Introduction

Eco Design (or "Design for recycling”) is a method that implies the following requirements of a product: easy to
dismantle, easy to obtain 'clean' material-fractions, that can be recycled (e.g. iron and copper should be easy to
separate), easy to remove parts/components, that must be treated separately, use as few different materials as
possible, mark the materials/polymers in order to sort them correct, avoid surface treatment in order to keep the
materials 'clean' (Source: Danish EPA Eco Design Guide)240.
Taking into account the abovementioned approach and also the recycling technologies of chapter 3 a mind map
is drawn, as depicted in Figure 50, showing a schematic view on the several aspects of Eco Design relevant to
coatings. Guidelines and examples are being discussed the following sections.

Figure 50: Eco Design of metal coatings to improve recycling.

5.2

Design to know what

Coatings represent an added value to an EOL product. However, if the coating is not recognized as such, its
added value may be overlooked or discarded. Therefore, better control over the knowledge of the coating
during a product lifetime may aid the recyclability. This may be attempted in various ways. First of all, limiting
the number of coating (compositions) and standardising these coatings will aid the further recycling i.e.
upgrading of materials. Secondly, identification of a coating (composition) may be useful. This may be in the
form of a label is imprinted in a coating or a material data sheet is provided with the products. A good example
of product (materials), where such an approach has been adopted, is plastics. shows the plastics coding
scheme as introduced by the Society of the Plastics Industry241, 242. Although this identification doesn’t say much
about the amount of recycling, it is a useful mechanism to identify the type of plastic at hand. Similar, a coding
http://www.kp.mek.dtu.dk/upload/sites/ecodesign/mpu-material/mpu-elektronisk-uk.pdf (last visited 8-3-2013)
http://www.all-recycling-facts.com/recycling-codes.html (last visited 12-4-2013)
242 http://en.wikipedia.org/wiki/Recycling_codes (last visited 12-4-2013)
240
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scheme could be developed, classifying metallic coatings with respects to composition and/or toxicity. A code,
readable by intelligent sorting systems may for instance discriminate between tin containing and tin-less cans.

Figure 51: Plastics coding scheme by the Society of the Plastics Industry241.

Another option is the addition of trace elements to enhance identification of the layers. Special care should be
paid that these elements are not scarce as well are not detrimental for the properties of the surface. Another
pint of attention is that identification of tracer metals should be carried out with X-ray techniques, which makes it
a niche application.
5.3

Design for reuse

The reuse of the (semi) complete product is the highest level of recycling, unfortunately, this is often not
possible. Therefore the product should be processed or taken apart. In the next chapters this will be further
elaborated.
5.3.1

Direct reuse of coated metal

Commercial alloys generally contain small amounts of certain other metal elements to improve specific
properties like strength and toughness. Some of these elements are also being used in coatings. Examples of
such elements are Cr and Ni. Another example is the use of Cr, Cu and Ni as alloying elements in (CorTen)
weathering steel46, 47, 48 and Cu in duplex steels to improve machinability49. By proper mixing of several recycled
metal streams of specific and well known compositions, and, if necessary a minor addition of master alloys,
almost any required alloy composition can be obtained. In these cases the recycling of metals in a coating may
be enhanced by designing the composition of the coating is such a way that recycling will be more beneficial. In
these cases special attention should be paid to labelling and tracking and tracing of the products, as the
valuable coating elements can easily get lost in the standard processing routes.
Requirements:
 Thorough tracking and tracing of metal coated products
 Detailed knowledge of the chemical composition of waste streams, including coatings
 Other elements in the waste streams should not be detrimental for the properties
Another option is to refrain from the use of coatings in cases where a (minor) improvement of the substrate
properties by an adding small amount of alloying elements already results in matching the requirements.
Careful material selection and design is necessary in these cases in order to render this solution cost efficient.
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5.3.2

Direct reuse of metals from coatings

In this study some examples were presented were the coating was removed in such a way that the metal - in
acid or alkaline solution - could be directly reused as coating. The ARROSSO project funded by
AgentschapNL225 and also the process developed by Compagnie Européenne de Dezingage S.A. (Tata Steel
and Compagnie Française des Ferrailles)243 are good examples of the direct reuse of the coated metal, zinc in
these cases. In the ARROSSO project the recovered zinc was not applied as coating again, but Compagnie
Européenne de Dezingage S.A. reused the electrolyte containing the dissolved zinc ions as electrolytic bath for
the application of zinc layers. The bottleneck in these processes is transport cost. It is economically not feasible
to transport the electrolyte, even when the solution is highly concentrated, from one location to another location.
5.4

Design for physical separation

The majority of coating applications requires an excellent adhesion of the coating to resist delamination,
swelling, friction, impact etc. However when (easy) recycling is regarded it may be required that the coating can
be (relatively easy) removed as well. Possibilities to achieve these are:
 Enhanced physical separation of coatings and substrate
 Self-delamination of coatings
 Easier separation of coating and substrate by prevention of metallic bonds or alloying
These options will be discussed further.
Enhanced physical separation of coatings and substrate
In chapter 3 a wide range of mechanical techniques were presented that enable separation of a coating from a
substrate and comminution afterwards. It would be preferable that after comminution the remaining particles
could be fully separated, in order to obtain almost pure streams.
The recycling of metals from coatings can be improved by materials design in order to get:
 Different toughness of coating and substrate material (enhance coating removal by crushing,
preferably prior to comminution)
 Different electrical conductivity between substrate and coating (enhance induction sorting or
separation)
 Different magnetic properties between substrate and coating (enhance magnetic or eddy current
separation)
 Different densities (enhance separation by flotation)
 A thicker coating will enhance the sorting options
Self-delamination of coatings
Analogous to self-healing of materials self-delamination may also be a possibility to remove a coating from a
substrate. Self-healing properties can be intrinsic or extrinsic. Van der Zwaag244 published a broad overview on
Self-healing behaviour.
Intrinsic Self-healing can be realised in polymers and concrete by adding capsules containing a glue that break
and repair the damage. Extrinsic self-healing is amongst others observed with organic coatings where a scratch
is being repaired after raising the temperature enabling certain flow of the polymer film that closes the scratch.
Self-delamination could be obtained by using a layer in between or capsules at the interface with a lower
melting point, so after an increase of the temperature the coating can be separated like a foil. Special attention
should be paid to the prevention of alloying and the low melting materials should also be recoverable from both
phases.
http://www.eurekanetwork.org/c/document_library/get_file?uuid=5ea15577-044d-4202-9a9e-1dc8ed1a3bc3&groupId=10137 (Last
visited 24-4-2013)
244 Self Healing Materials, An Alternative Approach to 20 Centuries of Materials Science, Series: Springer Series in Materials Science,
Vol. 100, Zwaag, Sybrand van der (Ed.) 2007
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Prevention of metallic bonding or alloying
In general the performance of a coating is strongly related to durable adhesion to the substrate, but for some
applications this may not be necessary. Processes specially developed for strong adhesion by metallic bonding
and alloying are hot dip plating, CVD-coating, thermal spray and laser clad coating. In these cases a strong
bond is formed by metallic bonding and alloying. When a bond has sufficient strength for the required
application it may still be removed more easily in the recycling process.
5.5

Design for metallurgical separation

In modern equipment many metals are combined to achieve the optimum performance. Some of these
combinations cannot be separated anymore. In Figure 49 a chart is given of metals and how they will be
distributed chart of elements among gas, slag, and metal phases for the metal recovery230.
The Metal-Wheel in Figure 52 illustrates as an example what happens to different metals in a PWB entering
either the Iron (Fe), Aluminium (Al), Copper (Cu), Zinc (Zn) and Lead (Pb) processes. Each circle indicates the
destination of a metal found in mixed, end-of-life electronic product (waste), while also reflecting a complete
metallurgical processing sector in each Carrier metal section. This Metal Wheel shows the limits and
opportunities of recycling which among others is the basis of rigorous systems Design for Recycling (DfRE)
tools as developed by Reuter and Van Schaik245. It reveals the physics and thermodynamic details which have
to be taken into account when performing Eco design.

Figure 52: The Metal-Wheel for recycling of a PWB, showing the destination of elements
in the carrier metal processing infrastructures of each segment246.

The “wheels” in Figure 49 and in Figure 52 learn that extra care should be taken when dismantling a product for
recycling. When for example a product coated as Galvalume will be recycled in an EAF, the aluminium will enter
the slag and the zinc can be recovered from the dust.

Reuter, M., Van Schaik, A., Opportunities and limits of recycling: A dynamic-model-based analysis, (2012) MRS
Bulletin, 37 (4), pp. 339-347.
246 http://eco3e.eu/wp-content/uploads/2011/01/29-metal_wheel.jpg (Last visited 15-4-2013)
245
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6

Concluding Remarks and Recommendations

The following conclusions can be drawn from the results of this desk study:
 A wide range of processes are in place to recover metals from waste. For the metals that are reviewed
in detail, there are several options for recycling.
 Some of these processes are specifically designed for the recycling of metal coatings like zinc and tin.
Others are integrated processes that recover several metals together. Recycling of expensive
(precious) and scarce metals, such as used in coatings in car catalyst and electronic consumer
products should be performed in integrated processes. The integrated smelter of Umicore and the
Kaldo furnace used by Boliden are good examples.
 Metals from coatings can also be recycled by inserting coated scrap as a specific scrap quality to
produce a special alloy, like Corten steel, that contains a certain amount of copper. Tin plated steel
can be inserted in a Blast Furnace or an Electric Arc Furnace. This is not detrimental for the steel
quality.
 Many coatings are recycled by inserting coated scrap in an Electric Arc Furnace. However, the coating
elements often become minor contaminants in the alloys that are being produced. Zinc however
evaporates and is captured in the dust after condensation.
 Often the product is shredded and the remains are sorted. In most cases this step should be
succeeded by metallurgical processing, as the remaining fractions are often contaminated with other
metals.
 Special attention should be paid to optimizing the route for dismantling and recycling. The process
should not only focus on one or two elements and leave the rest unused.
 Large losses of scarce and / or expensive metals occur due to export of waste to foreign countries.
Informal recycling and low-technology processing often seen in developing countries sharply limits the
recovery of metals from these products.
 The cost of logistics plays a major role in recycling. For example the transportation of large volumes of
concentrated electrolytes is economically not feasible.
A major increase of the recycling rate could be obtained by:
 Improvement of the collection of (e-) waste
 Prevention of losses in the pre-processing stage
o For example computer circuit boards should be removed in an early stage and supplied to the
appropriate metallurgical recovery processes.
 Prevention of losses due to export of e-waste to developing countries in Asia and Africa for treatment
or even for just being discarded after some few reusable devices and components have been
removed.
 Recovery of metals used in coatings can be highly improved by the processing of waste streams from
plating operations.
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