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CHAPTER

1

Recycling: A Key Factor
for Resource Efficiency

Ernst Worrell', Markus A. Reuter””

'Copernicus Institute of Sustainable Development, Utrecht University, Utrecht, The Netherlands,

2Outotec Oyj, Espoo, Finland; 3 Aalto University, Espoo, Finland

Materials form the fabric of our present soci-
ety; materials are everywhere in our lives, and
life as we know it would be impossible without
them. In fact, terms as the “Bronze Age” and
“Iron Age” demonstrate that materials have
really defined our society in history. Moreover,
materials will play a key role in the transition
of our society toward sustainability. The chal-
lenge of sustainability is rooted in the way that
we now process resources to make materials
and products, which are often discarded at the
end of life. This linear economy is now running
into its limits given the large demand for mate-
rials and resources of an increasing (and increas-
ingly affluent) global population.

Industrial society has become extremely
dependent on resources, as it produces more,
builds an increasingly complex society and ac-
cumulates an incredible volume of resources.
Figure 1.1 depicts the global production of the
key materials used in society and shows an
extremely rapid growth in the past few decades,
as emerging economies like China develop.
Today, China produces half of all the cement,
steel and other commodities in the world.
Mankind now dominates the global flows of
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many elements of the periodic table (Howard
and Klee, 2004). The materials are drawn from
natural resources. However, the Earth’s re-
sources are not infinite, but until recently, they
have seemed to be: the demands made on
them by manufacturing throughout the indus-
trialization of society appeared infinitesimal,
the rate of new discoveries outpacing the rate
of consumption. Increasingly we realize that
our society may be approaching certain funda-
mental limits. This has made access to materials
an issue of national security of many nations,
especially also to ensure that emerging new
“sustainable” technologies can be supplied
with metals and materials.

Historically, industry has operated as an
open system, transforming resources to prod-
ucts that are eventually discarded to the envi-
ronment, as depicted in Figure 1.2. This,
coupled to the massive increase in the use of re-
sources, has led to growing impacts on the envi-
ronment, as large amounts of energy,
greenhouse gas emissions and other emissions
to the environment are directly tied to the pro-
duction and use of the resources, while also
affecting land use change, the use of water and

Copyright © 2014 Elsevier Inc. All rights reserved.
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FIGURE 1.1 Global materials production of key materials since 1900 (Data: USGS).
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FIGURE 1.2 Closing the loops. Shifting from a linear economy (in blue) to a circular economy requires the closing of

loops to ensure that products and materials are reused or recycled (in red). (For interpretation of the references to color in
this figure legend, the reader is referred to the online version of this book.)
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other environmental resources. Moreover, our
resources use results in increasing amounts of
solid wastes, which are discarded or inciner-
ated. Waste is becoming a large problem, as
we are running out of land for landfilling, and
end-of-life waste treatment has negative envi-
ronmental and health impacts. This is especially
a problem for emerging economies, where mate-
rial use (and hence discarding of it) is growing
very rapidly, while limited waste management
infrastructure exists.

Materials consumption in the United States
now exceeds 10 t/person/year, while the global
average consumption has grown to about 5t/
annum. The global average is growing rapidly,
given expected population growth and devel-
oping patterns for the majority of the population
living in developing countries. This makes a
reevaluation of the way that we use resources
necessary. To maintain our level of welfare, ser-
vices by resources should be provided more effi-
ciently using less (environmental) resources per
unit of activity; i.e. we must improve the
resource efficiency of our society. There are
several ways that we can improve the resource
efficiency of society:

¢ Use resources more efficiently in the
provision of an activity or product (including
lifetime lengthening).

¢ Use less resource-related services.

* Reuse product and services.

® Recycle the resources and materials in
products.

Waste is only waste if it cannot be used again
or if its economic value, including dumping
costs, is not sufficient to make its exploitation
economically feasible. Economic recycling en-
ables waste to become a resource; however,
various aspects hinder it becoming totally reus-
able. Recycling is the reprocessing of recovered
materials at the end of product life, returning
them into the supply chain.

Potentially, it could be done at a rate compara-
ble with the rate with which we discard

resources, but then the system must be carefully
designed to minimize inevitable losses. Also, the
energy needed for recycling is generally substan-
tially less than the energy needed to produce the
material from ores, which in the process also cre-
ates large amounts of valueless byproducts or
wastes with little or no economic value, and
that sometimes contains harmful compounds at
the mining or processing site. While some
(bulk) materials are well recycled, others can
(currently) not be recycled, especially due to their
complex connections because of functionality
reasons in consumer products. Figure 1.3 shows
that a level of sophistication in metal recovery
from recyclates could exceed that of geological
resources due to this depicted complexity.

For this reason, for example, despite all the
policy attention to the strategic supply problems
surrounding rare earth metals, less than 1% of
the rare earth metals in waste are currently be-
ing recycled as these go lost owing to the afore-
mentioned complexity. The fraction of a
material that can reenter the life cycle will
depend both on the material itself and on the
mineralogy of the product from which it is being
recovered, as (still) the quality and purity of the
recovered material determine its future
applicability.

The economics of recycling will depend on
the degree to which the material has become
dispersed, as well as the matrix (e.g. complex
consumer product, building, transport, pack-
aging) within which it is recovered. Although
recycling has far-reaching environmental and
social benefits, market forces determine if a ma-
terial or complex products can ultimately be
recycled and their contained metals, materials
and compounds recovered. And market forces
often fail to value externalities from environ-
mental pollution or future scarcity, making for
an “uneven” playing field. In various countries,
these externalities and (other) market failures
have provided the incentive to design policies
to support resource efficiency in general, and
recycling, specifically.

I. RECYCLING IN CONTEXT
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FIGURE 1.3 Conventional extraction processes can recovery various elements from geological ores economically, while
much work has to be done to recover all metals from complex designer copper “minerals”.

Recyclable wastes are often collected by cities
and municipalities, selling them into a market of
traders and secondary processors who repro-
cess the materials to eventually sell them to
manufacturers. In the recycling market, prices
fluctuate according to the balance of supply
and demand, the prices of materials made
from primary resources, as well as the behavior
and organization of markets and its stake-
holders (e.g. the role of increased market power
concentration, and speculation of e.g. silver and
copper). This couples the price of the recycled
material to that of the primary or virgin mate-
rial. This becomes more complex when minor
elements associated with the ores are priced,
as supply and demand are geologically linked
to the extraction of the bulk base metals such
as aluminum, copper, nickel, lead and zinc.
The same holds for critical elements that “hitch-
hike” with the mining of other more common el-
ements, as no separate mines exist for these
critical or strategic elements. The markets are
also affected by economic or policy interven-
tions. Legislation setting a required level of

recycling for vehicles, electronic products and
packaging is now in force in most European
countries, while other nations have similar pro-
grams and plans for more. A lively international
trade in recycled resources has emerged, due to
the local costs of separating materials from
products, and the increasing resources appetite
from rapidly developing nations like China
and India. This has made recycling a strategic
and geopolitical issue as well.

In short, recent economic and global develop-
ments have put recycling in the spotlight again,
necessitating a critical assessment of the role of
recycling in the context of a resource efficient
society.

It is the objective to show in this book how
material- and product-centric recycling can be
harmonized to maximize resource efficiency
(UNEP 2013). Figure 1.4 depicts this complex
interplay among materials, products and
different stakeholders to help maximize the re-
covery of all materials.

This book will provide the basis, in terms of
fundamental theories of recycling, take-back

I. RECYCLING IN CONTEXT
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FIGURE 1.4 Recycling helps enable resource efficiency. This book will cover the various aspects detailed in this figure

and figures in chapter 1.

systems and collection, used technology, eco-
nomics, design-for-recycling, consumer behavior,
material efficiency and policy, to understand the
state of the art and the challenges of recycling in
the larger context. Itis intended to provide profes-
sionals, analysts and decision makers with a solid
background in order to show how recycling can
be used to improve resource efficiency.
The book is organized in several parts:

]

. General aspects of recycling
II. Recycling technologies and applications
ITI. Recovery and collection
IV. Material efficiency
V. Economics of recycling
VI. Recycling and policy

Each part consists of a number of chapters.
Each of the chapters is authored by key experts
in the field. Experts come from academia,

industry and the policymaking community,
providing for a strong basis from theory to prac-
tice today, describing the lessons learned and
the state of the-art in recycling of a wide variety
of resources, products and waste flows.

Part I provides the background and context
for recycling by discussing the basics of recy-
cling in science and society, and putting recy-
cling in the perspective of resource efficiency
and the development toward a resource-
efficient and sustainable circular economy.

Part II is the technical “body” of the hand-
book, describing the state of the art of recycling
material, product and waste streams. Each
chapter describes a specific material or waste
stream, covering the current situation as well
as technological state of the art. Starting with
specific materials, this part of the book develops
toward more complex waste streams that

I. RECYCLING IN CONTEXT
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consist of a typical type of products (e.g. vehi-
cles and electronics, as shown in Figures 1.3
and 1.4) or a difficult and varying mix of prod-
ucts (e.g. construction and demolition wastes,
bulky household wastes).

More detailed discussions of relevant theory
are also included in the Appendices.

Subsequent chapters discuss the different
types of recovery schemes for key waste flows,
ranging from curbside collection systems to
postconsumer separation technologies.

Recovery and collection technology is an in-
tegral part of recycling. While conventional eco-
nomics of a few stakeholders often determine
the collection system, it is important to under-
stand that the system will affect the material
quality of the recycled materials, and hence
should be considered in the full context and
not stand alone.

In Part III the handbook will focus on the po-
sition of recycling within the total life-cycle of
resources and the need to increase the efficiency
of our total resources system. Hence, the role,
effectiveness and efficiency of recycling should
be evaluated within the context of and relative
to all opportunities to improve the resource effi-
ciency of our society. Redesigning products and
reusing products are a key part of this overall
strategy. Design for recycling and the funda-
mental link to the physics of the recycling sys-
tem are key issues included in the discussions.

In the next parts of the Handbook of Recy-
cling, attention is shifted to the economics and
policy aspects of recycling. Furthermore, the
economics of recycling are discussed, address-
ing the costs, benefits and externalities of recy-
cling in more detail. This part also focuses on
policies to stimulate reuse and recycling,
bringing together knowledge on the type of pol-
icy instruments used, the experiences, effective-
ness and efficiency.

A number of appendices to the Handbook of
Recycling provide background data on some of
the tools and data needed in evaluating recycling
technology and opportunities. The appendices

provide a brief introduction into topics such as
physical separation and sorting, thermody-
namics and extractive metallurgy, process simu-
lation, life-cycle assessment, and simulation to
guide the readers to more advanced texts on
these topics. These are crucial in understanding
the physics underlying resource efficiency. This
knowledge provides the basis for innovation in
the system, creating innovative new solutions
and technologies, or also determining which sys-
tems and processes should be made redundant
to ensure resource efficiency is maximized.

Combined, the parts of the handbook bring
together a unique collection of material on recy-
cling, from technology to policy, providing
state-of-the-art discussions and information
from a wide variety of backgrounds and experi-
ences. This will help the reader understand the
dynamics, context and opportunities for recy-
cling, within the larger picture of shifting our
economic production system to a circular sys-
tem. We hope that this will contribute to the
realization of a circular economy and efficient
use of resources in our society.

Finally, to show the difference between mate-
rial and product centric recycling, aluminium
recycling was integrated into a chapter that
shows the link between product design, product
complexity and metal recovery. This permits the
rigorous simulation based analysis of the limits
of recycling by considering the effect of for
example the dissolution of minor elements in
(less noble) metals and other losses from the sys-
tem on resource efficiency.
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CHAPTER

2

Definitions and Terminology

Ernst Worrell', Markus A. Reuter””

1Copemicus Institute of Sustainable Development, Utrecht University, Utrecht, The Netherlands,

ZQutotec Oyj, Espoo, Finland; 3 Aalto University, Espoo, Finland

2.1 INTRODUCTION

Recycling is not a goal in itself, but rather
an essential tool out of a whole toolbox to bet-
ter manage natural resources. Materials con-
sumption in the United States now exceeds
10 t/person/year, while the global average
consumption has grown to about 5 t/annum.
The global average is growing rapidly, given
expected population growth and developing
patterns for the majority of the population
living in developing countries. This rapidly
increasing demand for resources has initiated
various initiatives, such as “Factor 4, 5 or
10” to reduce the total amount of resources
needed, while still fulfilling the needed ser-
vices provided by materials and resources in
today’s society (e.g. Von Weizsdcker et al,
2009).

Historically, industry producing the mate-
rials has operated as an open system, transform-
ing resources to products that are eventually
discarded to the environment. This, coupled
with the massive increase in the use of re-
sources, has led to growing impacts on the envi-
ronment. The massive use of materials results in
increasing amounts of solid wastes, which are
discarded or incinerated. This results not only

Handbook of Recycling
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in a loss of valuable materials, but also in nega-
tive environmental and health effects.

Our massive use of resources also contributes
to a potential depletion of economically (or envi-
ronmentally) recoverable reserves of materials.
In fact, one could say that natural stocks (i.e.
geologic reserves) are transferred to anthropo-
genic stocks (i.e. capital goods in our society).
This makes recycling an important source of
material, and this importance will only increase
in the future. This is reflected in terms as the
“urban mine” (i.e. minerals and metals con-
tained in the urban infrastructure and build-
ings) and “urban forest” (i.e. wood fibers and
paper).

A distinction needs to be made between
non-renewable materials, such as minerals
(including oil) and metals, and renewable mate-
rials (e.g. wood and biomass). Note that the two
are interrelated because of the need for nutrients
(e.g. nitrogen, phosphorus and potassium) and
micronutrients (e.g. selenium and many others).
Recycling of renewable materials contributes to
a more efficient supply of resources, since pri-
mary resources (e.g. forest, land, water, energy)
are saved and emissions such as greenhouse
gases are reduced (Laurijssen et al., 2010). The
success of paper recycling in many countries

Copyright © 2014 Elsevier Inc. All rights reserved.
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illustrates the need for recycling of renewable
resources.

To maintain our level of welfare, services by
resources should be provided more efficiently
using less (environmental) resources per unit
of activity, i.e. improve the resource efficiency
of our society. This means that we need to
move from a linear economy, which extracts re-
sources from the environment and discharges
the wastes to the environment, to a circular
economy, one that reuses and recycles products
and materials in a material-efficient system,
extracting and wasting as little as possible (see
Chapter 1). There are several ways that we can
improve the resource efficiency of society, of
which recycling is one. Waste is only waste if
it cannot be used again or if its economic value
including dumping costs is not sufficient to
make its exploitation economically feasible. In
historical societies, recycling was much more
prevalent. The Industrial Revolution allowed
for a massive reduction in the cost of materials,
resulting in a reduced emphasis on reuse and
recycling in today’s society. However, with
increasing costs for primary materials, recycling
has enabled waste to become a resource. While
some materials are well recycled, others can
(currently) not be recycled. In this chapter, recy-
cling is put in context of a resource-efficient
economy, and critical issues are defined that
will contribute to understanding and posi-
tioning recycling. This is illustrated by applying
the concepts to the case of metals.

2.2 DEFINING RECYCLING

Recycling is the reprocessing of recovered
materials at the end of product life, returning
them into the supply chain. Recycled material
may also be called “secondary” in contrast to
“primary” material that is extracted from the
environment. Hence, primary and secondary
in the context of recycling do not express a dif-
ference in quality.

Recycling has a key role to play in a resource-
efficient economy. In past decades, recycling
was mainly considered a waste management
issue, whereas today the vision is slowly mov-
ing toward resource efficiency as a driver for
recycling. This places recycling in a wider
context. In various countries a variation on the
“waste management hierarchy” (for example,
also known as the 3 Rs in the United States,
which stands for reduce, reuse and recycle)
was introduced, which still forms the basis for
waste management in most countries:

. Reduce or avoid waste

. Reuse the product

. Recycle

. Energy recovery

. Treatment and landfilling

U WO N =

Figure 2.1 provides an overview of the typical
waste management chain, including the treat-
ment options of the hierarchy.

Reduction (or avoidance) describes the impact
of material efficiency and demand reduction to
minimize the amount of material that is needed

“Waste”

Incineration

Rejects

Recovery

Landfilling

fil

Rejects

Recycling

Recycled
material

FIGURE 2.1 Simplified depiction of the typical waste
management chain.
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to satisfy a material service (Worrell et al., 1995).
This may also include reducing the need for
the service in the first place. Other options
are lengthening the service lifetime of a product
(either by design or through repair), or
increasing the yield in the supply chain of a
product (i.e. reducing material or off-spec prod-
uct losses in the different production steps of a
product) (Allwood et al., 2011). Note that this
may reduce the amount of material available
for recycling, as e.g. less “home” or “new” scrap
may be generated (see below). Material effi-
ciency is increasingly getting attention again,
as resource efficiency is slowly gaining traction.

Reuse allows for the reuse of the product
in which the material is contained, by (re-)
designing a product for multiple uses (e.g.
refillable bottle versus single-use bottles) or
setting up a market for reusable goods (of
which many can be found, both in industry
and households). Exchange systems can be
very effective means to reuse products, as, for
example, evidenced by the success of online
auction systems such as eBay and others in
many countries.

Recycling aims at recycling the materials con-
tained in the products that are recovered from
the waste stream. Potentially, recycling can be
done at a rate comparable with the rate with
which we discard resources, but then the sys-
tem must be carefully designed to minimize
inevitable losses. The fraction of a material
that can reenter the life cycle will depend
both on the material itself and on the product
it was part of, as (still) the quality and purity
of the recovered material determine its future
applicability. Recycling rates are defined in
various ways, affecting the figures dramatically
(UNEP, 2011). First of all, the recycling rate is
determined by the volume of material that is
recovered or actually recycled. This
volume can also include material that is gener-
ated during the production of the material,
manufacturing of products, or at end-of-life.
For example, in metals, the following categories

of recovered material are discerned (Graedel
et al., 2011):

* Home scrap: scrap material arising internally
in production sites or mills as rejects, e.g.
from melting, casting, rolling or other
processing steps.

* New (pre-consumer) scrap: scrap from
fabrication of the material into finished
products.

e Old (post-consumer) scrap: scrap from obsolete
products that is recovered, traded and sold to
plants for recycling.

Furthermore, the rate is affected by the basis
on which it is calculated, e.g. the volume of ma-
terial sold in the market, produced in a country
or region, or the total amount of the material
available in the waste.

Energy Recovery generally applies to the re-
covery of (part of the) embodied energy in the
materials in the products, using a number of
techniques, including the production of refuse-
derived fuel for industrial processes (e.g. in
cement making) or specialized boilers, incinera-
tion with energy recovery in waste-to-energy
(WTE) facilities, or through anaerobic digestion
of biologic/organic materials in the waste. Note
that the latter process may also take place in a
landfill, and the landfill gas may be recovered
for energy production. The efficiency of energy
recovery of these systems may vary largely,
and could be very low (e.g. 12—15% for older
WTE facilities).

Treatment and landfilling are waste manage-
ment techniques to reduce the environmental
and health impacts (if properly controlled) of
waste, and do generally not result in recycling
or recovery from resource. In many developing
countries, but also the United States, landfilling
is still the main waste management option,
while in developing countries this is often
done in uncontrolled and non-sanitary landfills,
resulting in negative impacts on the local
environment, water and air quality, as well as
human health. In some specific cases, old
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landfills have been mined to recover some of the
materials contained in the landfill. In practice,
this has only been economically interesting for
selected metals and is determined by local eco-
nomic conditions.

Figure 2.1 also distinguishes various indica-
tors to measure the success of a recycling pro-
gram, i.e. recovery and recycling rates. These
terms are often used, but also often not clearly
defined. Hence, caution is needed when inter-
preting reported rates.

Recovery rate refers to the volume of material
recovered from a waste stream. However,
different definitions are found in the literature.
Typically, it can be defined as the volume of ma-
terial recovered from a waste stream divided by
the amount of material in the generated waste.

Recycling rate often refers to the volume of
material collected for recycling—generally
including any material rejected during
processing—divided by the volume (weight) of
waste generated. However, more correctly, the
rejected material should be subtracted, and only
material marketed for recycling after processing
should be included. Differences may hence be
found in where the volume of recycled material
is counted, and how the volume of material in
the waste is estimated. The most rigorous way
would be to dynamically simulate the material cy-
cles in all its complexity, but data are often
lacking.

Recycling efficiency. The total amount of mate-
rial available for reuse will be affected by any ma-
terial losses (due to e.g. quality, color or
processing) during the recycling process itself.
This can be defined as the recycling efficiency, or
output of the recycling process divided by the
input. For metal recycling, the recycling efficiency
would be defined as the amount of scrap melted
(output)/amount of scrap recovered (input).

The relation between the three indicators can
be given as:

Recycling Rate = Recovery Rate
* Recycling Efficiency (2.1)

Recycled content. This is the fraction of
recycled or secondary material in the total input
into a production process.

2.3 MATERIALS AND PRODUCTS

Typically, recycling focuses on materials,
while the first two steps in the waste manage-
ment hierarchy focus on products. An inte-
grated view on recycling in the waste
management hierarchy also puts a central focus
on the product (Allwood et al., 2011), which will
enable reduction, reuse and also the efficient re-
covery of recyclable materials from a product. In
other words, an efficient waste management
system should be centered on the product, and
less on the material, or what is called a
product-centric approach. A mineral-centric
approach or in other words a product (mineralogy)
centric view (UNEP, 2013) is required to maxi-
mize resource efficiency rather than a simpler
material-centric view that considers things ma-
terial by material. It is this depth that lies at
the heart of the recycling, recycling simulation
models for optimization of resource efficiency
and design for recycling/resource efficiency. It
is the application of this depth that will enhance
closing of the loop because it will permit a much
deeper understanding between all actors than
the current understanding.

This will help us to better understand,
sample, quantify products and recycling on
element/compound/alloy level, and simulate
the performance of recycling systems, also in
relation to product design. This rigor in the recy-
cling will also help to increase the general level
of sophistication in the field and bring it to a
similar level of detail and sophistication as com-
mon in the producing industry, something
which is very important when discussing such
initiatives as design for recycling, resource effi-
ciency and eco-design, and labeling for recy-
cling/environmentally optimized products.

I. RECYCLING IN CONTEXT
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A product-centric approach considers how to
increase the recycling of a product (e.g. an
LCD screen, mobile phone, car, solar panel)
in its entirety and therefore considers the com-
plex thermodynamic and physics aspects and
interactions that affect their recovery. This
necessarily involves consideration of what
will happen to the many different materials
within the product, and enables decision
makers to more easily look at how the prod-
ucts are collected and how design affects out-
comes. However, it is to be noted that design
for recycling is not the golden bullet it is
made to be, as functionality often determines
the material connections, overriding their in-
compatibility for recycling. However, some
companies have used similar approaches to
design equipment (or components thereof)
for reuse, allowing the use of remanufactured
parts in e.g. new copiers (e.g. Xerox) or ma-
chinery (e.g. Caterpillar).

Also, note that the order of the steps goes
(generally) hand in hand with a decreasing
amount of energy recovered in the processing
of the material. Reduction will obviously save
the largest amount of energy, while reuse re-
covers more from the energy embodied in the
product/materials than recycling. However, af-
ter a certain degree of reuse, inevitably the prod-
uct will land in the recycling chain and its
materials will be recovered. The energy needed
for recycling is generally substantially less than
the energy needed to produce the material from
ores. Landfilling will recover only the smallest
part of the embodied energy, in fact, only from
the organic fraction if landfill gas would be
recovered.

While the hierarchy forms the theoretical ba-
sis for a waste management strategy, in prac-
tice in many countries some of the steps in
the hierarchy may be lacking for specific waste
or product streams. This failure is one of the
reasons why there is still a very large potential
for improving resource efficiency in today’s
economy.

2.4 APPLYING THE PRODUCT-
CENTRIC APPROACH—METALS

Metals, their compounds and alloys have
unique properties that enable sustainability in
innovative modern infrastructures and
through modern products. Through mindful
product design and high (end-of-life) collection
rates, metals and their compounds can
enabling sustainability, and other products
can be recovered as well; thus recovery and
therefore recycling of metals can be high. How-
ever, limitations on the recycling rate can be
imposed by the (functionality driven) linkages
and combinations of metals and materials in
products (UNEP, 2013).

Figure 1.3, Figure 1.4 and Figure 2.2 shows
various factors that can affect the resource effi-
ciency of metal processing and recycling. The
interaction therefore of primary and secondary
recovery of metals not only drives the sustain-
able recovery of elements from minerals but
also provides the recycling loop that recovers
metals from complex products and therefore en-
ables the maximum recovery of all elements
from designer minerals. It is self-evident that
“classical” minerals processing and metallurgy
play a key role in maximizing resource effi-
ciency and ensuring that metals are true en-
ablers of sustainability. Thus key to recycling
of complex consumer goods is:

* Mineral processing and metallurgy —
foundation
* The link of minerals to metal has been
optimized through the years by economics
and a deep physics understanding.
* There is a good understanding between all
actors from rock to metal.
® Product-centric vis-a-vis metal-centric
recycling
* Designer minerals (e.g. cars) as shown in
Figure 1.3, Figure 1.4 and Figure 2.2 are far
more complex than geological minerals,
complicating recovery.
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Mine

Primary Resources, Mineralogy

Urban Mine
Secondary Resources, Product design (DfR), Consumer

Maximize Handprint
Minimize Footprint
« Dynamic processing infrastructure

« Quantification Eol. mineralogy
« Product design, etc.

Separation
Recycling

« Efficient EoL scrap collection, Minimize theft

" Minimise Footprint
Maximize Handprint

'

'

. * Residues, Sludges

l‘ « Water, Energy, Plant footprint, etc.

Filtration V Flotation

Minimise Footprint
Maximize Handprint
o Water

« Reagents, Emissions to environment
« Plant footprint etc.

Minimise Footprint
Maximize Handprint

« Emissions, Residues, Energy etc.
« Downtime, Unutilized resources, etc.

Process Metallurgy, Energy Recovery & Slag Cleaning

FIGURE 2.2 Design for resource efficiency. Optimally linking mining, minerals processing, (BAT) Best Available Tech-
nique(s) for primary and secondary extractive metallurgy, energy recovery, original equipment manufacturers and product
design, end-of-life products, recyclates, residues and wastes, while minimizing resource losses.

* To “close” the loop requires a much deeper
understanding between all actors of the
system than is the case currently. Resource
efficiency will improve if this is achieved.

* Metal/material-centric recycling is a
subset of product-centric recycling
— Various definitions exist for material-
centric recycling of metals as documented
in a report by UNEP (2011), for example,
how much of the end-of-life (EoL) metal is
collected and enters the recycling chain
(old scrap collection rate), the recycling
process efficiency rate and the
EoL-recycling rate (EoL-RR).

¢ This deeper understanding of recycling will
help to develop sensible, physics-based
policies.

The use of available minerals processing and
process metallurgical theoretical depth to
describe the system shown in Figure 2.2 is
required to understand the resource efficiency
of the complete system. A fundamental descrip-
tion of the system also shows what theory and
methods still have to be developed to innovate
the primary and recycling fields further. It is
evident from Figure 2.2 that the rigorous theory
developed in the classical minerals and metal-
lurgical processing industry over the years and
more recently adapted for recycling is very use-
ful to quantify the various losses shown in
Figure 2.2. “Classical” minerals processing and
process metallurgy therefore both have a signif-
icant role to play in a modern resource-
constrained society. Identifying the detailed
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metal, compound, and other contents in all
flows will help in optimizing the recycling sys-
tem, as is already the case for the maximum re-
covery of metals in concentrates from known
ore and product streams, giving a rather precise
mass balance for all total, compound and
elemental flows (see Figure 1.3).

The recycling and waste processing industry
has much to gain to implement and adapt tech-
niques and thinking of our industry rather than
following the conventional bulk flow ap-
proaches of a material-centric mindset of waste
management and derived legislation, which
are often colored by this thinking.

Three major factors determine the outcomes
of recycling expressed as a recyclability index
(RI): (1) the way waste streams are mixed or
pre-sorted during collection; (2) the physical
properties and (3) design of the end-of-life prod-
ucts in those waste streams. These factors all
affect the final recovery and subsequent produc-
tion of high quality metal, material and alloy
products. These factors interrelate in ways that
make it impossible to optimize one without tak-
ing into account the others. To get the best re-
sults out of recycling, the stakeholders of the
recycling system (e.g. in design, collection, pro-
cessing) need to take into account what is
happening in the other parts of the system.
They also need to consider how to optimize
along the chain the recycling of several metals
found within one product, rather than only
focusing on one or two major metals (and their
alloys and alloying elements) and ignoring the
rest of the periodic table.

Figure 1.3, Figure 1.4 and Figure 2.2 provides
an overview of all the actors and aspects that
have to be understood in a product-centric sys-
temic and physics-based manner in order to
optimize resource efficiency. Also a clear under-
standing of the various losses that occur is
imperative (many governed by physics, chosen
technology and linked economics), which also
requires a deep compositional understanding
of all residues, but also the understanding of

unaccounted flows (poor statistics, data as well
as collection) and the economics of the complete
system are critical. Especially also understand-
ing and controlling the dubious and illegal
flows as well as theft, etc. will help much to
maximize recovery, but this is a relatively sim-
ple task organized by leveling the playing field
by suitable policy. Maximizing resource effi-
ciency, and therefore design for resource effi-
ciency, considers and embraces Figure 2.2 in its
totality. This requires rigorous modeling tech-
niques to pin-point, understand and minimize
all losses. It also requires a detailed understand-
ing of the technology of recycling, both physical
and metallurgical, as discussed in detail by
Reuter and Van Schaik (2012) and Van Schaik
and Reuter (2012).

In summary, it is extremely important for
resource efficiency to step away from the mate-
rial perspective to the product perspective.
A particular focus will be the recycling of the
high-value, lower-volume metals that are essen-
tial elements of today’s and tomorrow’s high
tech products, as applied in complex multimate-
rial design such as electronics and vehicles (also
aircraft) or generation and storage of renewable
energy. These metals, such as gallium, rare earth
elements, platinum group elements and indium,
are often scarce, essential to sustainable growth
and yet typically lost in current recycling
processes.
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CHAPTER

3

Recycling in Context

T.E. Graedel, Barbara K. Reck

Center for Industrial Ecology, Yale University, New Haven, CT, USA

3.1 INTRODUCTION

Of the different resources seeing wide use in
modern technology, metals are unusual in that
they are inherently recyclable. This means that,
in principle, they can be used over and over
again, thus minimizing the need to mine and
process virgin materials while saving substantial
amounts of energy and water. These activities
also avoid the often significant environmental
impacts connected to virgin materials extraction.

Recycling indicators have the potential to
demonstrate how efficiently metals are being
reused, and can thereby serve the following
purposes:

® Determine the influence of recycling on
resource sustainability by providing
information on meeting metal demand from
secondary sources

e Provide guidance for research needs on
improving recycling efficiency

* Provide information for life-cycle assessment
analyses

¢ Stimulate informed and improved recycling
policies

Notwithstanding these promising attributes
of recycling, the quantitative efficiencies with

Handbook of Recycling
http://dx.doi.org/10.1016/B978-0-12-396459-5.00003-9

which metal recycling occurs are not very well
characterized, largely because data acquisition
and dissemination are not vigorously pursued.
It is worthwhile, however, to review what we
do know, and to consider how that information
might best be improved.

3.2 METAL RECYCLING
CONSIDERATIONS AND
TECHNOLOGIES

Figure 3.1 illustrates a simplified metal and
product life cycle. The cycle is initiated by
choices in product design: which materials are
going to be used, how they will be joined and
which processes are used for manufacturing.
Choices made during design have a lasting ef-
fect on material and product life cycles. They
drive the demand for specific metals and influ-
ence the effectiveness of the recycling chain dur-
ing end-of-life (EOL).

When a product is discarded, it enters the
EOL phase. It is separated into different metal
streams (recyclates), which have to be suitable
for raw materials production in order to ensure
that the metals can be successfully reused. The
cycle is closed if scrap metal, in the form of

Copyright © 2014 Elsevier Inc. All rights reserved.
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Metal A
° Prod - Fabl Use mmmps WM
ro M se
e
a: Primary metal input g: EOL metal collected for recycling
b: Refined metal h: Recycled EOL metal (old scrap)
c: Intermediate products (e.g. alloys, semis) j: Scrap from Manufacturing (new scrap) f
d: End-of-life (EOL) products (metal content) k: Scrap used in Fabrication (new & old)
e: EOL metal collected for “downcycling” m: Scrap used in Production (new & old)

f:  “Downcycled’metal

Prod: Production, Fab: Fabrication, Mfg: Manufacturing,
WM: Waste Management, Rec: Recycling.

Metal B

FIGURE 3.1 Flows related to a simplified life cycle of metals and the recycling of production scrap and end-of-life
products. Boxes indicate the main processes (life stages): Prod, production; Fab, fabrication; Mfg, manufacturing;
WM&R, waste management and recycling; Coll, collection; Rec, recycling. Yield losses at all life stages are indicated by
dashed lines (in WM referring to landfills). When material is discarded to WM, it may be recycled (e), lost into the cycle of
another metal (f, as with copper wire mixed into steel scrap), or landfilled. The boundary indicates the global industrial
system, not a geographical entity. Reproduced with permission from Graedel et al., 2011a.

recyclates, returns as input material to raw ma-
terials production. The cycle is open if scrap
metal is lost to landfills and other repositories
(e.g. tailings, slag).

The different types of recycling are related to
the type of scrap and its treatment:

¢ The home scrap portion of new scrap
recycling, in which metal is essentially
recovered in its pure or alloy form within the
facility of the metal supplier. This type of
recycling tends to be economically beneficial
and easy to accomplish. It is generally absent
from recycling statistics, however, because it
takes place within a single facility or
industrial conglomeration.

e The prompt scrap portion of new scrap
recycling, in which metal is essentially
recovered in its pure or alloy form from a
fabrication or manufacturing process and
returned to the metal supplier for

reprocessing and reuse. This type of recycling
is generally economically beneficial and easy
to accomplish. It may not be identified in
recycling statistics, but can sometimes be
estimated from process efficiency data.

EOL, metal-specific (“functional”) recycling, in
which the metal in a discarded product is
separated and sorted to obtain recyclates that
are returned to metal suppliers for reprocessing
and reuse. This type of recycling is generally
accomplished for high-value metals, especially
if they are easily accessible (Streicher-Porte

et al., 2005; Dahmus and Gutowski, 2007). The
processes are straightforward if the metal is in
pure form, but are often challenging and
expensive if the metal is a small part of a very
complex product (Chancerel and Rotter, 2009;
Oguchi et al., 2011).

EOL, alloy-specific recycling, in which an
alloy in a discarded product is separated and
returned to raw materials production for

I. RECYCLING IN CONTEXT
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recovery as an alloy. Often it is not the specific
alloy that is remelted to make the same alloy,
but any alloy within a certain class of alloys
that is remelted to make one or more specific
alloys by adding small amounts of other
alloying elements to achieve the desired
elemental composition. For example, a
mixture of austenitic stainless steel alloys
might be remelted and the resulting
composition adjusted by addition of reagents
or virgin metal to make a specific austenitic
alloy. A similar approach is followed in
aluminum recycling.

¢ EOL metal-unspecific reuse (nonfunctional
recycling, or “downcycling”), in which the
metals or alloys in a discarded product are
downgraded or downcycled by
incorporation into a large-magnitude
material stream in which its properties are
not required. This prevents the metal or alloy
from being dissipated into the environment,
but represents the loss of its function, as it is
generally impossible to recover it from the
large-magnitude stream. The recycled metal
does not replace primary metal in metal
production, so that the energy benefits of
recycling cannot be taken advantage of.
Equally discouraging is the fact that the
recycled metal potentially lowers the quality
of the produced metal alloy by becoming an
impurity or tramp element. Examples are
small amounts of copper in iron recyclates
that are incorporated in recycled carbon steel,
or alloying elements being incorporated in
slag during final recovery of the major alloy
element.

3.3 DEFINING RECYCLING
STATISTICS

There are four approaches to measuring the
efficiency of EOL metal recycling (Graedel
et al., 2011a):

1. How much of the EOL metal (in products) is
collected and enters the recycling chain (as
opposed to metal that is landfilled)? (Old
scrap collection rate)

2. What is the EOL recycling rate (metal-
specific)? (EOL-RR)

3. What is the efficiency in any given recycling
process (i.e. the yield)? (Recycling process
efficiency rate)

4. What is the nonfunctional EOL recycling rate
(downcycling)? (nonfunctional EOL-RR)

Figure 3.1 provides an annotated waste man-
agement and recycling system from which the
EOL metrics can be calculated:

1. Old scrap collection rate =e/d

2. EOL-recycling rate =g/d

3. Recycling process efficiency rate, example
EOL=g/e

4. Nonfunctional EOL-recycling rate =£/d

The recycled content (RC, sometimes termed the
“recycling input ratio”) describes the fraction of
recycled metal contained within the total metal
flow metal production. In the simplified dia-
gram of Figure 3.1, it is defined as (j+m)/
(a +j+ m). The calculation of the recycled con-
tent is straightforward at the global level, but
difficult if not impossible at the country level.
The reason is that information on the recycled
content of imported produced metals is typi-
cally not available (flow b, i.e. the share of
m/(a+ m) in other countries is unknown), in
turn making a precise calculation of the recycled
content of flow ¢ impossible.

A final metric, the old scrap ratio (OSR), pro-
vides information on the composition of the scrap
used in metal production. It is the fraction of old
scrap gintherecycling flow (g + h). Recycled con-
tent and OSR are closely linked in that the OSR
reveals the share of old versus new scrap used
in metal production, thus providing information
on the efficiencies at different life cycle stages.

In terms of its significance, the most impor-
tant metric is the EOL recycling rate, which
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indicates how effectively discarded products
are recovered and recycled. Of limited rele-
vance for metals, however, is the widely used
metric “recycled content”, for two reasons.
First, calculations can usually be carried out
only at the global level, leaving little room for
incentives at the national level. Second, the
share of available old scrap depends on the
level of usage a lifetime ago. As this use rate
was typically much less than today, there is
not enough old scrap available to allow for a
recycled content close to 100%. Note also that
a high share of new scrap may be the result of
an inefficient manufacturing process, and is
therefore of limited relevance as a measure of
recycling merit.

In order to arrive at and present global esti-
mates of metal recycling statistics that are as
comprehensive as possible, a detailed review
of the recycling literature was conducted by

NN
NN
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e

Rf
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the United Nations Environment Programme
(Graedel et al., 2011b). The three periodic table
displays in Figures 3.2—3.4 illustrate the
consensus results in compact visual display
formats.

The EOL-RR results in Figure 3.2 relate to
whatever form (pure, alloy, etc.) recycling oc-
curs. To reflect the level of certainty of the data
and the estimates, data are divided into five
bins: >50%, 25-50%, 10—25%, 1-10% and
<1%. It is noteworthy that for only 18 of the 60
metals are the EOL-RR values above 50%.
Another three metals are in the 25—50% group,
and three more in the 10—25% group. For a
very large number, little or no EOL recycling is
occurring.

Similarly, Figure 3.3 presents the recycled
content data. Lead, ruthenium, and niobium
are the only metals for which RC >50%, but 16
metals have RC in the >25—50% range. This

He

10
Ne
18
Ar

36
Kr

54
Xe

86
Rn

118
Uuo

* Lanthanides .5

** Actinides

Am

<1%

1-10%

W >10-25%

>25-50% B >50%

FIGURE 3.2 The periodic table of end-of-life recycling for 60 metals. White entries indicate that no data or estimates are

available.
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FIGURE 3.3 The periodic table of recycled content for 60 metals. White entries indicate that no data or estimates are
available.
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FIGURE 3.4 The periodic table of old scrap ratios for 60 metals. White entries indicate that no data or estimates are
available.
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reflects a combination in several cases of effi-
cient reuse of new scrap as well as better than
average EOL recycling.

The OSR results (Figure 3.4) tend to be high
for valuable materials, because they are utilized
with minimal losses in manufacturing processes
and collected at EOL with relatively high effi-
ciency. Collection and recycling at EOL are
high as well for the hazardous metals cadmium,
mercury and lead. Overall, 13 metals have OSR
>50%, and another 10 have OSR in the range
>25-50%.

For cases in which relatively high EOL-RR
are derived, the impression might be given
that the metals in question are being used
more responsibly than those with lower rates.
In reality, rates tend to reflect the degree to
which materials are used in large amounts in
easily recoverable applications (e.g. lead in bat-
teries, steel in automobiles). In contrast, where
materials are used in small quantities in com-
plex products (e.g. tantalum in electronics),
recycling is much less likely, and the rates will
reflect this challenge.

3.4 PROCESS EFFICIENCIES AND
RECYCLING RATE CONSTRAINTS

A common perception of the recycling situa-
tion is that if a product is properly sorted into a
discard bin it will be properly recycled. This
turns out never to be even approximately cor-
rect, because the recycling system comprises
a number of stages (Figure 3.5): collection,

40% *

I y

I

*

Preprocessing /> processing
g
g
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preprocessing (including separation and sort-
ing), and end processing (usually in a smelter).
Losses occur at every stage, and generally the
stage with the lowest recycling efficiency is
the very first: collection. Higher efficiencies at
the subsequent stages cannot make up for low
first-stage performance, as suggested by the effi-
ciencies shown in Figure 3.5.

Even if efficient collection occurs, efficiencies
lower than 100% (which is always the case)
combine to generate low EOL-RRs over time.
Figure 3.6 shows the situation. Each stage has
an imperfect process efficiency; if those effi-
ciencies are multiplied together over several
metal use lifetimes, even well-run recycling pro-
cesses eventually dissipate the metal. Studies
have shown that a unit of the common metals
iron, copper and nickel is only reused two or
three times before being lost (Matsuno et al,,
2007; Eckelman and Daigo, 2008; Eckelman
etal., 2012), because no process is completely effi-
cient, and losses occur at every step (Figure 3.6).

Finally, product design plays an important
role in the recycling efficiency of EOL products.
First, does the product design allow for easy
accessibility and disassembly of the relevant
components? For example, precious metals con-
tained in personal computer motherboards are
easily accessible for dismantling and will be
recycled, while circuit boards used in car elec-
tronics are typically not accessible for recycling
(Hageliiken, 2012). Second, can the diverse mix
of materials used in complex products be techno-
logically separated at EOL? This challenge of ma-
terial liberation goes back to thermodynamic

95% = 34%
End- End-of-life
recycling
rate

FIGURE 3.5 The steps involved in the recycling sequence. Adapted from Hageliiken, 2012.
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principles, but also to the fact that material com-
binations in products are often very different
from material combinations found in ores
(Reuter et al., 2013; van Schaik and Reuter,
2004). Well-established technologies from the
mining industry can thus be utilized only if ele-
ments not found in the respective ores can be
removed beforehand (Nakajima et al., 2010).

3.5 PERSPECTIVES ON CURRENT
RECYCLING STATISTICS

As can be seen from the figures, there are
large differences in recycling rates among the
specialty metals, but differences also exist be-
tween the different applications of the metals.
Some insights into the causes of the relatively
low recycling rates in Figures 3.2—3.4 are dis-
cussed below:

1. Hardly any recycling. This designation is
applicable to specialty metals such as
antimony, arsenic and barium. These metals
are mainly used in oxide or sulfate form, and
many of the applications are highly

FIGURE 3.6 The efficiencies in the

Building &
infrastructure Cleallzie initial step of Markov recycling of a
1xa i i metal cycle. (Reproduced with permis-
Transportation sion from Eckelman et al. (2012)). The
machinery efficiency of conversion of stainless
1xb crude steel to hot-rolled stainless steel
Hot rolled Industrial Used1x atimes is x, and the resulting stainless steel is
Srailess stainless machinery as building & infrastructure divided among flVf,t uses, each with its
crude steel 1xe own conversion efficiency. If the metal
Appli & g i
sieel Peiielgmgsl Used 1x b times is later recovered as ob.solete scrap
1x equipment as transportation machinery when the products are discarded, the
1 1xd process chain and its inevitable losses
Others SR T EiES must be revisited.
1xe as industrial machinery
Scrap
1x(1-a—-b—c—d—e)
Scrap
1(1—x)

dispersive. Collection is thus very difficult
(drilling fluid remains in the hole,
preservative remains in wood) or dependent
on collection of the product (flame retardants
in electronics), hence the old scrap in the
recycling flow is very low, as is the recycling
flow itself.

. Mainly new scrap recycling. This designation is

applicable to specialty metals such as indium
and germanium (e.g. Yoshimura et al., 2011).
The recycled content is above 25%, but other
recycling statistics are very low. These metals
are largely used in such applications as
(opto)-electronics and photovoltaics. During
manufacturing, a large amount of new scrap,
such as spent sputtering targets, sawdust or
broken wafers, is created. All of this material
is recycled, and contributes to a high recycled
content in the material supply to the
manufacturing stage. Old scrap in

the recycling flow is currently low due to the
difficulty in collecting the products.
Furthermore, the metal content in the
products can be low, and recycling
technology for these metals in EOL products
is often lacking. Yet, research into the

I. RECYCLING IN CONTEXT



24 3. RECYCLING IN CONTEXT

recycling of a variety of specialty metals from
discarded products is increasing, and
promising first results exist (Rollat, 2012;
Yoshida and Monozukuri, 2012).

3. Old scrap recycling—metal specific, thenium, for
example. Rhenium is used in superalloys and
as a catalyst in industrial applications, which
together make up most of its total use. This
closed industrial cycle, as well as the high value
of Re, ensures very good collection (Duclos
et al., 2010). Furthermore, good recycling
technologies are in place to recover the metal.
New scrap is recycled as well. Because the

4. Old scrap recycling—metal unspecific,
beryllium, for example. Beryllium—copper
alloys are used in electronic and electric
applications. The collection of these devices is
generally good, and the Be follows the same
route as the copper and ends up at copper
smelters/recyclers. During the recycling
process, the Be is usually not recovered but is
diluted in the copper alloy or, most often,
transferred to the slag in copper smelters.
Hence the old scrap collection rate is quite
high but the EOL recycling rate is low.

rhenium demand is growing, and this is met The way in which a product is designed is
largely by primary production, the share of also a strong factor in whether recycling occurs.
recycled Re in the overall supply is low. Dahmus and Gutowski (2007) have shown that
10° . . . : .
=% Autom bii Apparent
converter ’. recyc“ng -
boundary

# Refrigefator ¢

R
.0 ! QDPsktop computer
wery chair i
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X machine™
B e
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© @Collphone 7
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Single product recycled material value in the United States ($)
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FIGURE 3.7 The relationship between recycled material value and material mixing, for 20 products in the United States,
c. 2005. The area of the circle around each data point is proportional to the product recycling rate; products with no circle are
generally not recycled. The arrows indicate a trend to increased material mixing, both at the product level (in the case of
automobiles and refrigerators) and through substitution (in the case of computers). Adapted from Dahmus and Gutowski, 2007.
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the greater the degree of material complexity in
a product, the smaller the probability that recy-
cling will occur (Figure 3.7). In fact, Figure 3.7
indicates that some products have actually
increased their required level of material
complexity in the past decade, so the product
design-recycling situation is trending in the
wrong direction.

3.6 SUMMARY

Many different approaches have been taken to
quantify the rates at which metals are recycled.
Inevitably, recycling rates have been defined in
different ways, and this has made it difficult to
determine how effectively recycling is occurring.
Adopting the recycling rate definitions specified
in this chapter will deal with this challenge.

An important realization regarding metal
recycling is that it is a sequence of steps. If any
one step is done poorly, the efficiency of the
entire sequence suffers. Attention needs to be
paid to each of the steps, because one step
may be the most inefficient for some types of
products, other steps for others.

The key questions, of course, are whether over-
all recycling efficiencies can be improved and, if
so, by how much? That is, can materials cycles
be transformed from open (i.e. without compre-
hensive recycling) to closed (i.e. completely reus-
able and reused), or at least to less open than they
are at present? These are issues that turn out to be
quite complex, to involve everything from prod-
uct designers to policies for pickup of discarded
electronics. The full range of this detail has
seldom been presented to those who are most
interested, but much of it will be explored in detail
in subsequent chapters of this book.

References

Chancerel, P, Rotter, S., 2009. Recycling-oriented charac-
terization of small waste electrical and electronic
equipment. Waste Management 29 (8), 2336—2352.

Dahmus, J.B., Gutowski, T.G., 2007. What gets recycled: an
information theory based model for product recycling.
Environmental Science & Technology 41 (21),
7543—7550.

Duclos, S.J., Otto, ].P., Konitzer, D.G., 2010. Design in an era
of constrained resources. Mechanical Engineering 132
(9), 36—40.

Eckelman, M.]., Daigo, I., 2008. Markov chain modeling of
the global technological lifetime of copper. Ecological
Economics 67 (2), 265—273.

Eckelman, M.J., Reck, B.K., Graedel, T.E., 2012. Exploring
the global journey of nickel with Markov models. Jour-
nal of Industrial Ecology 16 (3), 334—342.

Graedel, T.E., Allwood, ]., Birat, ].-P., Buchert, M.,
Hageliiken, C., Reck, B.K,, Sibley, S.E.,, Sonnemann, G.,
2011a. What do we know about metal recycling rates?
Journal of Industrial Ecology 15 (3), 355—366.

Graedel, T.E. Allwood, ]., Birat, ].-P., Buchert, M.,
Hageliiken, C., Reck, B.K,, Sibley, S.E.,, Sonnemann, G.,
2011b. Recycling Rates of Metals — A Status Report, a
Report of the Working Group on the Global Metal Flows
to UNEP’s International Resource Panel.

Hageliiken, C., 2012. Recycling the platinum group metals:
a European perspective. Platinum Metals Review 56 (1),
29—-35.

Matsuno, Y., Daigo, I, Adachi, Y., 2007. Application of
Markov chain model to calculate the average number of
times of use of a material in society — an allocation
methodology for open-loop recycling — part 2: case
study for steel. International Journal of Life Cycle
Assessment 12 (1), 34—39.

Nakajima, K., Takeda, O., Miki, T, Matsubae, K.,
Nakamura, S., Nagasaka, T. 2010. Thermodynamic
analysis of contamination by alloying elements in
aluminum recycling. Environmental Science & Technol-
ogy 44 (14), 5594—5600.

Oguchi, M., Murakami, S., Sakanakura, H., Kida, A.,
Kameya, T., 2011. A preliminary categorization of end-
of-life electrical and electronic equipment as secondary
metal resources. Waste Management 31 (9-10),
2150—2160.

Reuter, M.A., Hudson, C., van Schaik, A., Heiskanen, K.,
Meskers, C., Hageliiken, C., 2013. Metal Recycling. Op-
portunities, Limits, Infrastructure. A Report of the
Working Group on the Global Metal Flows to UNEP’s
International Resource Panel.

Rollat, A., 2012. How to satisfy the rare earths demand.
Rhodia Rare Earth systems initiatives. In: Déjeuner-
conférence sur “Les défis de l’approvisionnement en
terres rares”. European Society for Engineers and In-
dustrialists, Brussels.

Streicher-Porte, M., Widmer, R., Jain, A., Bader, H.P,
Scheidegger, R., Kytzia, S., 2005. Key drivers of the

I. RECYCLING IN CONTEXT


http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0010
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0010
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0010
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0010
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0015
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0015
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0015
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0015
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0015
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0020
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0020
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0020
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0020
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0025
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0025
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0025
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0025
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0030
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0030
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0030
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0030
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0035
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0035
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0035
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0035
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0035
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0040
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0040
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0040
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0040
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0040
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0040
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0045
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0045
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0045
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0045
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0050
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0050
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0050
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0050
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0050
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0050
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0050
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0050
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0050
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0055
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0055
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0055
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0055
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0055
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0055
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0060
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0060
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0060
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0060
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0060
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0060
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0060
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0065
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0065
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0065
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0065
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0065
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0070
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0070
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0070
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0070
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0070
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0075
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0075

26 3. RECYCLING IN CONTEXT

e-waste recycling system: assessing and modelling Yoshida, M., Monozukuri, N., 2012. Mitsubishi develops

e-waste processing in the informal sector in Delhi. eco-friendly, low-cost Ga recycling technology. In:

Environmental Impact Assessment Review 25 (5), Tech-On! Nikkei Business Publications, Inc. (Nik-

472—491. keiBP). http://techon.nikkeibp.co.jp/english/NEWS_
van Schaik, A., Reuter, M.A., 2004. The time-varying EN/20121203/254051/.

factors influencing the recycling rate of products. Yoshimura, A., Daigo, I., Matsuno, Y., 2011. Construction of

Resources Conservation and Recycling 40 (4), global scale substance flow of indium from mining.

301—328. Journal of the Japan Institute of Metals 75 (9), 493—501.

I. RECYCLING IN CONTEXT


http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0075
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0075
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0075
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0075
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0075
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0080
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0080
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0080
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0080
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0080
http://techon.nikkeibp.co.jp/english/NEWS_EN/20121203/254051/
http://techon.nikkeibp.co.jp/english/NEWS_EN/20121203/254051/
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0090
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0090
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0090
http://refhub.elsevier.com/B978-0-12-396459-5.00003-9/ref0090

CHAPTER

4

Recycling Rare Metals
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4.1 INTRODUCTION

The application of material flow analysis
(MFA) to trace metals throughout their life cy-
cle is an exercise for quantifying the magnitude
of the uses and losses and identifying where
they occur. Furthermore, by distinguishing be-
tween losses that are dissipative versus losses
that are recoverable, the MFA can help us
assess the potential for recycling of the mate-
rial. This is a very practical analysis for geolog-
ically scarce metals used in new technology
products such as smartphones, wind turbines,
and solar panels. These metals e.g. gallium,
germanium, indium, tellurium, tantalum, and
platinum group metals (PGMs), are of special
concern in terms of geological scarcity. They
also pose a problem for recycling due to the
trend toward miniaturization in their uses.
Many of these metals are not found anywhere
in high concentrations but are distributed as
contaminants of other “attractor” metals to
which they are chemically similar. For this
reason, we call these metals “hitchhikers”
when they accompany “attractors”. For
example, molybdenum, rhenium, selenium, sil-
ver, and tellurium are hitchhiker metals the
production of which depends to a large extent
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on the mining and smelting of copper (Talens
Peir¢ et al., 2013). Losses occur initially in the
production process that, for the case of the
hitchhiker metals, includes the mining of
the “attractor” ore, mineral processing, and
further extraction, separation, and refining pro-
cesses. A very simple calculation can be per-
formed to estimate the theoretical amount of
the hitchhiker metal that could be extracted
based on the quantity of the metal present in
the ore. Even though the potential metal pro-
duction estimated this way does not consider
technological limitations and unavoidable
losses, it serves to identify which metals offer
opportunities for improved resource manage-
ment and which ones are already being
managed efficiently. We have performed these
calculations for hitchhiker metals for which
one might expect revolutionary demand due
to their use in new technologies. We present
the results in Table 4.1.

Metals for which potential mine production
is comparable to current (2010) output do not
have much margin for increasing recovery dur-
ing the production phase. For example, cobalt
from nickel ores is extracted efficiently (99%),
whereas recovery from copper sulfide ores
such as carrolite is less efficient (8%) resulting

Copyright © 2014 Elsevier Inc. All rights reserved.
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TABLE 4.1
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Potential and Actual Production of Hitchhiker Metals in 2010

“Attractor” Metals or Mineral Ores

“Hitchhiker” Metals

Reserves Production Reserves Current Mine  Potential Mine Recovery

Name (10° 1) (10° t) Name (10% 1) Production (t)  Production (t)  Efficiency (%)

Iron ore 87,000 2400 Rare earth 110,000 54,000 4,114,280 1
oxides®
Niobium?® 2900 63,000 89,140 71

Bauxite 28,000 211.00 Gallium® na. 106 10,550 1

Copper 630 16.20 Cobalt® 7300 31,000 408,800 8
Rhenium? 2.5 46 9370 <1
MolybdenumfJl 9800 133,000 281,050 47
Tellurium® 22 475 1050 45
Selenium® 88 3250 4210 77

Zinc 250 12.00 Germanium®  0.45 84 597 14
Indium’ na. 574 1454 39
Gallium*® n.a. — 420 —

Nickel 76 1.55 Cobalt® 7300 44,000 44,600 99
PGMs! 66 11 17 63

Tin 52 0.26 Niobium 2900 2 373 1
Tantalum® 110 102 746 14

Sources: (a) Drew et al. (1991), (b) Jaskula (2011), (c) Shedd (2011), (d) Habashi (1997), (e) USGS (1973), (f) Tolcin (2011), (g) Berger et al. (2011).

in losses of up to 378,000 t of cobalt. The table
also serves to point out a potential source for
gallium from zinc (420 t) that is presently not be-
ing exploited (Berger et al., 2011). On the other
hand, the PGMs selenium and molybdenum
are currently being produced near their mine
potential from current sources. These metals
are correspondingly important to recover and
recycle to meet future demand. For the rest of
the metals listed in Table 4.1, a significant frac-
tion of the potential is ending up as waste.
Similarly, the subsequent life cycle stages
have unnecessary losses and consequently op-
portunities for recovery. In the next few pages,
we illustrate how material flow analysis is used
to quantify the losses and recycling potential

during the whole life cycle of several critical
metals: indium, europium, gallium, and plat-
inum group metals (PGMs).

4.2 INDIUM

In our economy, we use the life cycle of in-
dium to illustrate how metal losses can be quan-
tified from mining to end-of-life (EOL) based on
consumption data for 2010. Based on knowl-
edge of the processes and end-uses of indium,
we differentiate between dissipative and recov-
erable fractions. The analysis is illustrated in
Figure 4.1, which indicates the losses of indium
during its life cycle in the present situation

I. RECYCLING IN CONTEXT
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Indium losses during the life cycle, 2010, in metric tonnes

FIGURE 4.1 Indium losses during
its life cycle (2010) in metric tonnes.
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Indium is of special interest for several rea-
sons. It is classified as a “critical metal” by
numerous reports because it is a scarce metal
that plays an important role in the solar energy
industry, in flat screens, and in other new tech-
nology applications (US National Research
Council and Committee on Critical Mineral Im-
pacts of the US Economy, 2008; Buchert et al.,
2009; European Commission, 2010a; Erdmann
and Graedel, 2011). For many of these uses, there
are no substitutes that offer the same perfor-
mance. Furthermore, given the miniaturization
trend required by new technologies, indium is
used in very small quantities that impede its
separation, recovery, and recycling. For
example, a 2005 cell phone screen contained as
little as 5.5 mg of indium per phone (the metals
presently recovered from cell phones such as
gold and silver represent 350 mg and 3.7 g,
respectively) (Yoshioka et al., 1994; Hageliiken,
2007b). PC monitors contain between 79 and

82 mg of indium, whereas bigger liquid crystal
display (LCD) television screens use 260 mg
(Buchert et al., 2009). However, there are so
many of these products that these small
amounts of indium add up to a potentially
important source for future supply. Without
recycling or implementing substitutes, the sus-
tainability of these technologies is questionable.

Indium is most commonly recovered as a by-
product of the zinc smelting process from zinc-
sulfide ores (sphalerite). Other minor sources
are from tin and lead refining processes, which
at the present time are not exploited. The
content of indium in zinc concentrate varies
depending on the geographic location of the
mine. For example, Rodier gives 0.027% (by
weight) of indium content in zinc concentrate
for Kidd Creek, Ontario, Canada; 0.010% in
Polaris, Northwest Territories, Canada; and
0.004% in Balmat, New York (Rodier, 1980).
Based on the intermediate concentration of
0.010%, an average zinc content of 55% in zinc
concentrate, and a global production of eight
million tonnes of zinc in 2010, we estimate that
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the amount of indium that could have poten-
tially been recovered from zinc-bearing ores in
2010 is 1454 t. The USGS reports that 574 t of in-
dium were produced globally for the same year
(Tolcin, 2011). In other words, a third of the total
indium currently available from zinc refineries
is not recovered. This coincides with the
amount Indium Corporation estimates is lost to
tailings or non-indium-capable refineries (about
two-thirds of all indium in zinc ores) (US
Department of Energy, 2011). There is a margin
for improving recovery at this initial stage, but
it is still not economically attractive to do so.

High purity indium is used to make com-
pounds with other metals for the manufacture
of products. The most important is indium-tin-
oxide (ITO) (78% indium, 17.5% oxygen, and
4.5% tin). Thanks to its electrical conductivity
and optical transparency, ITO is used for trans-
parent electrodes in products such as LCDs,
TVs, and touch screens. Based on a previous
study, we estimate that 425t of indium were
used for the production of ITO in 2011 (Talens
Peir6 et al., 2013). ITO comes as a powder and
is deposited as a thin, film coating on a substrate
via a process called “sputtering” that is report-
edly only 3% efficient.

Sputtering deposition techniques vary, but
the most common ones are electron-beam evap-
oration and physical vapor evaporation.
Approximately 3% of the indium ends up suc-
cessfully on the substrate, although 70% is target
residual material (recycled by reducing to in-
dium metal), 20% is deposited onto the surface
of tools and chamber walls, 5% is etched from
the substrate, and 2% ends up in faulty panels
(Yoshioka et al., 1994). These percentages are
based on a study from 2007, and it is possible
that sputtering has become more efficient since
then (Goonan, 2012). However, for lack of
updated process data, based on these percent-
ages we calculate that 12.8t of indium are
embodied in flat-panel display (FPD) products,
2975t are recycled to make more ITO, and
114.7 t are dissipated during the FPD production

process. These quantities are shown in the prod-
uct manufacture stage of Figure 4.1. The upper
dotted line represents a greater amount of in-
dium available if the sputtering process resulted
in half the indium losses (58 t instead of 114.7 t).
The figure also shows the fraction of the indium
in ITO that is not successfully placed on the sub-
strate and is recycled to make ITO.

Presently there is no indium recycling from
post-consumer products that employ LCDs
such as TVs, personal computers (PCs), mobile
phones, and car navigation systems. The indium
is diluted and dissipated in waste management
schemes (recycling, landfill, etc.) at the EOL of
the products. Sharp Corporation in Japan has
invented a process for recovering ITO from
LCDs, which involves crushing the screens
into small chips and treating them in acid solu-
tion. A large-scale implementation in the future
could result in an important source of indium
(Kawaguchi, 2006). Given the growth in con-
sumption of touch screens and flat-panel TVs,
as well as the increase in average screen size,
this recoverable indium is crucial for future sup-
ply. In Figure 4.1, the ideal EOL stage includes
the indium embodied in LCDs, whereas the pre-
sent situation shows no recovery.

Indium is also used to make alloys with base
metals to lower their melting point. The indium-
based alloys are used as fusible alloys (needed
for devices such as fire sprinkler systems), hold-
ing agents, and solders. Indium solders are
preferred in printed circuit board (PCB) assem-
bly because indium is lead-free and has excel-
lent wetting properties. Alloys of indium with
precious metals such as gold and palladium
are used in dental work due to their ductile na-
ture. We estimate that 75t of indium were
destined for alloys and solders in 2010, of which
6 t were destined for PCBs (Talens Peir¢ et al.,
2013). Some of these applications render the in-
dium unrecoverable because it is used in such
small quantities. PCBs are presently being
recycled to recover copper, gold, silver, and
palladium, but other critical metals such as
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indium are not being recovered (Buchert et al,,
2009). The use of indium in solders and alloys
can be considered dissipative at the EOL. The
“ideal” scenario represented in Figure 4.1 does
not include the 75 t of indium destined for alloys
and solders as recoverable.

The solar energy industry is also an important
consumer of indium. According to industry fig-
ures, 57t of indium were used in the form
of copper-indium-gallium-diselenide (CIGS)
employed as a semiconductor in photovoltaic
cells in the form of thin-film photovoltaic mate-
rial (Talens Peir6 et al., 2013). ITO is used as an
anode in the photovoltaic cells to increase the
light conversion efficiency because of its light
trapping properties and high transparency.
Other indium compounds, such as indium anti-
monide (InSb), indium nitride (InN), and indium
phosphide, are also used as semiconductors in
photovoltaic cells and in other applications
such as infrared detectors and thermal imaging
cameras. Photovoltaic cells have a lifetime of
20—30 years, after which no recovery of indium
is presently taking place. Potentially the indium
present in the cells could be recovered in a
similar fashion as the FPDs, and this is repre-
sented in the “ideal” scenario represented by
the dotted line in Figure 4.1.

Other semiconductor applications such as
laser diodes, fiber optic telecommunications, de-
tectors, and light-emitting diodes (LED) were
responsible for 17 t of indium. Indium in the
form of indium gallium nitride (InGaN) is
used as a light-emitting layer in blue and green
LEDs. Indium gallium arsenide (InGaAs) is a
popular material in infrared detectors. We are
not aware of any recovery of the indium used
in these products, but potentially, this is a recov-
erable fraction because the indium is not dissi-
pated during use.

As is illustrated by Figure 4.1, less than 1% of
indium is presently recovered at EOL as has
been shown by other authors (Graedel et al.,
2011). However, what the figure also shows are
the fractions of the indium produced that are

not dissipative and that could potentially be
recovered. Recovering indium from LCDs and
photovoltaic cells could result in 384 t of indium
at EOL (minus unavoidable losses). If we as-
sume a 50% improvement in the efficiency of
the sputtering process, the recoverable indium
at EOL is further increased to 442 t. The use
phase is not included in the diagram because
we know of no losses of indium that occur dur-
ing the use of the products described previously.

4.3 OTHER EXAMPLES OF RARE
METALS

Other metal life cycles can be analyzed in a
similar fashion. We next explain three examples
of scarce metals: europium, gallium, and plat-
inum group metals (PGMs), all used in low
quantities, yet crucial for different technologies.

Europium is one of the 17 so-called rare earth
metals (REMs). Its major mineral source is
bastnésite, a carbonate fluoride mineral found
in association with (some) iron mineral ores
(such as magnetite, hematite, goethite, and
limonite). The content of bastnidsite in iron
ores varies from 4—17%. Bastnésite contains
about 0.1—0.5% of europium, a very small con-
centration compared to lanthanum, cerium,
and neodymium, which are found in 42—50%,
23—33%, and 12—20%, respectively (Gupta
and Krishnamurthy, 1992). The commercial
application of europium is based on its phos-
phorescence. It is added to semiconductors
in trace amounts, either in the +2 or +3 oxida-
tion state, to improve the emission of light
in various wavelengths. Divalent europium
(Eu™) tends to give blue phosphors, whereas
trivalent europium (Eu™®) gives red phosphors.
Both of them combined with terbium-based
phosphors yield white light (Gupta and Krish-
namurthy, 2005).

In 2010, the entire global production of euro-
pium (404 t) was used in phosphors for cold
cathode fluorescent lamps (CCFLs), in LEDs
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fitted in LCDs for background illumination, and
in LED for light bulbs. Although most of the
market is now dominated by LCDs using
LEDs, to estimate the amount of europium stock
in EOL LCDs, we need to know the amounts
contained by each type of background lighting.
The amount of europium in LCDs using CCFLs
varies from 8.10 mg for TV to 0.13 mg for note-
book computers, whereas LCDs using LEDs
contain an even lower amount: 0.09 mg for
TVs compared to 0.03 mg for notebooks. Euro-
pium is also used to give a reddish color in
warm white LEDs that have a correlated color
temperature lower than 3000 K. The average
weight of europium in warm white LEDs varies
from 0.4 to 0.9 pg (Buchert et al., 2012). Consid-
ering that losses of europium from mining to the
manufacturing of phosphors are estimated to be
25%, we estimate that the remaining 75% is all
contained in LCDs and LEDs.

At present, europium is rarely recycled (Du
and Graedel, 2011; Graedel et al., 2011). The
most important obstacle is collection due to its
use in very tiny amounts. As an example,
recovering one ton of europium would require
the collection of at least 1.3 trillion units of
white light LEDs. From a technological perspec-
tive, the recovery of europium also requires
detailed knowledge about the composition of
the phosphors. For instance, phosphors gener-
ally contain other rare earth elements such as
yttrium, cerium, and lanthanum in the support
matrix, not to mention terbium and gadolinium
as dopants. The combined use of rare earths in
phosphors inhibits their recovery because they
all have very similar properties. Hence, the sep-
aration of any one from the others requires
many processing steps.

Although gallium is a relatively common
element, it mainly occurs as a trace amount in
bauxite and zinc ores such as sphalerite. At pre-
sent, almost all gallium is obtained as a by-
product of alumina production from bauxite,
which contains an average of 60 ppm (Gray
and Kramer, 2005). In 2010, the world

production of refined gallium was 161t. Of
that, 106 t were obtained as crude gallium and
the remaining 55 t from preconsumer recycling
(Jaskula, 2010). In 2010, 65% of gallium output
was obtained as a “hitchhiker” of aluminum
smelting. Table 4.1 estimates that the current
production of gallium represents only 3% of
the total amount contained in bauxite. It also
identifies zinc ore as a potential source of gal-
lium that is not being exploited at present.

About 66% of the gallium consumed in 2010
was used in integrated circuits (ICs). Phosphors
accounted for 18%, thin films 2%, and the
remaining 14% of gallium consumption was for
research and development, specialty alloys, and
other applications (European Commission,
2010b; Talens Peiro et al., 2013). The most impor-
tant gallium compounds are arsenides, nitrides,
and phosphides. Gallium arsenide (GaAs)
and aluminum gallium arsenide (AsGaAl) can
convert electrical signals into optical signals at
high speed with low power consumption, and
better resistance to radiation compared to other
compounds (Habashi, 1997). They are widely
used as substrates in the manufacture of semi-
conductor components as transistors and ICs
for the electronics and telecommunications in-
dustry. For example, a mobile phone contains
from 0.3 to 1.5 mg of gallium, and fourth genera-
tion smartphones use up to 10 times that amount
(Talens Peiro and Villalba Méndez, 2011; Jaskula,
2013). Gallium nitrides (GaN) are primarily
applied in light-emitting diodes (LEDs) for the
backlighting of LCDs for TVs and notebooks.
Buchert et al. estimates that an LCD TV contains
490mg and a notebook 1.60mg of gallium
(Buchert et al., 2012). Gallium phosphides and
phosphides complex of gallium, aluminum and
indium are also used for the production of opto-
electronic components and ICs. Gallium is also
used in thin-film solar cells as CIGS and in the
triple-junction cells: indium gallium phosphide
(GaInP,) (Green and Emery, 2011).

More than 85% of gallium ends up in theoret-
ically nondissipative uses: electronics,
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phosphors, and thin film photovoltaic panels.
The numerous steps during manufacturing
and the high quality requirements for most of
the electronic products using gallium lead to
substantial processing losses. Typically only
20—30% of the gallium is finally embodied in
the end-products (Koslov et al., 2003). For
instance, in the production of GaAs substrates,
30% of the initial gallium is embodied in the
final product; the remaining 70% is lost during
such processes as etching and polishing. Eichler
estimates that nearly 35% of the losses can still
be recovered in the different steps (Eichler,
2012).

In CIGS manufacturing, gallium can be
deposited in the absorber cell layer by various
technologies: electron-beam (EB), electrochemi-
cal deposition, and co-evaporation. The amount
of gallium deposited for electron-beam and co-
evaporation is only 20% of the total gallium
input. For electrochemical deposition, the
amount deposited is 30% of the total input
(Kamada et al., 2010). Based on the fact that a
1 MW CIGS panel contains about 3.5—4 kg of
gallium, we estimate that 7.5—-16.5 t of gallium
are wasted during the manufacturing stage
(Kalejs, 2009; Christmann et al., 2011). New de-
velopments to minimize the loss of gallium dur-
ing CIGS manufacturing are based on using
inkjet printing for deposition. This technology
could reduce the amount of gallium wasted by
90% and thus reduce the cost of thin-film solar
cells (Quick, 2011).

At present, gallium is only recovered from
new scrap (preconsumer scrap) generated dur-
ing the manufacturing of semiconductors,
mainly from GaAs wafer waste, and from liquid
phase deposition. There are several options for
the recovery of gallium from semiconductor
waste: thermal dissociation, oxidation with oxy-
gen, nitriding in ammonia, and chlorination
with chlorine gas (Koslov et al., 2003). Most of
the difficulty in recycling gallium is due to the
problem of separation from the other compo-
nents of contact alloys such as indium, tin,

germanium, lead, silver, copper, and gold. In
2010, about 55 t of gallium were produced from
preconsumer scrap (Jaskula, 2013).

Many efforts to recycle gallium focus on
increasing the collection of EOL products. In
Europe, the PV Cycle association, which repre-
sents more than 90% of the EU photovoltaic
market, recently set up a voluntary collection
and recycling scheme. In 2010, PV Cycle
collected about 80t of modules. In 2011, this
grew to 1400 t and, in the first two quarters of
2012, 2250 t (Neidlein, 2012). In the EU, photo-
voltaic module take back and recycling became
mandatory in February 2014. Even though thin
films represent only 5% of the current photovol-
taic panels market, they may eventually domi-
nate the future market because they have more
potential for cost reduction. Moss et al. esti-
mates that thin films will have a market share
of 18% by 2020; thus, gallium demand would
increase to 14 t (Moss et al., 2011).

PGM is the term used for a group of six
metals: platinum, palladium, rhodium, ruthe-
nium, iridium, and osmium. They tend to occur
together in primary and secondary mineral de-
posits. In primary deposits, they are found in
platiniferrous ores in association with iron
sulfides and sulfides of nickel, cobalt, and cop-
per. Economical deposits mainly contain sperry-
lite (PtAsy), cooperite (PtS), stibiopalladinite
(PdsSb), laurite (RuSy), ferroplatinum (Fe—Pt),
polyxene (Fe—Pt—other platinum metals), osmi-
ridium (Os—Ir), and iridium platinum (Ir—Pt).
PGMs can also be found in secondary deposits
formed by weathering and washing of primary
deposits. The content of PGM varies depending
on the type of mineral deposit. In South Africa,
the average platinum grade is about 8 g/t of ore,
but it can reach 27g/t in deposits associated
with nickel ore. In Russia, where platinum is ob-
tained as a by-product of nickel and copper, the
average grade is about 5 g/t. The average grade
can reach 15 g/t in sulfide deposits (Renner,
1997). In 2010, the world production of PGM
was 689 t; 456 t were obtained from platinum
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sulfides and arsenides, 222 t from recycling, and
11 t were obtained as hitchhikers of nickel (Tal-
ens Peird et al., 2013). According to Table 4.1,
the current production of PGM as a hitchhiker
of nickel is near its potential level.

Among the PGM group, we can differentiate
subgroups based on production quantities. Plat-
inum and palladium are a first group of metals
produced in multiples of 100 t/year. Rhodium
and ruthenium are a second group produced
in multiples of 10 t/year; iridium and osmium
can be regarded as a third group, produced in
very small quantities. In brief, rhodium, ruthe-
nium, iridium, and osmium can be regarded
as by-products (or “hitchhikers”) of platinum
and palladium. In 2010, the global production
of PGMs was: 249 t of platinum, 360 t of palla-
dium, 36 t of rhodium, 35 t of ruthenium, 7 t of
iridium, and 2 t of osmium.

PGMs are exceptional oxidation catalysts.
They are electrically and thermally conductive
and offer a high oxidation resistance combined
with extraordinary catalytic activity, chemical
inertness, high melting point, temperature sta-
bility, and corrosion resistance (Lofersky,
2010). Almost 50% of the demand for PGMs is
for use in automobile catalytic converters,
14% is used for jewelry, 9% for investment,

4. RECYCLING RARE METALS

4% for other electrical uses, 1% for catalysts in
the chemical industry, 1% for alloys with elec-
trochemical applications, less than 1% for the
glass industry, and the remaining 22% to other
unspecified uses (Lofersky, 2011). See Figure 4.2.
Some PGMs are lost from their extraction in the
manufacturing of end-products. Dissipative
uses of PGM include dental restorative mate-
rials and in the glass industry for the develop-
ment of flat-panel displays as LCDs, plasma
(PDP), and as LEDs (Buchert et al., 2009). The
PGMs used as catalysts in the chemical and
petrochemical sectors are mostly close-loop
recycled, and the amount dissipated during
use is negligible. Platinum used in jewelry ac-
cumulates over time, but some is recycled.
Recoverable fractions of PGM include automo-
bile catalytic converters and from electrical
uses. Figure 4.2 shows platinum’s dissipative
(regarded as lost), stock, and recycling
fractions.

As illustrated in Figure 4.2, almost 40% of
platinum is lost in nonrecoverable uses, 18% is
added to the stock of end-products, and 23% is
recycled. Platinum is lost when it is used in
medical applications, in the glass industry, and
for other uses such as automotive sensors, the
coating of aircraft turbine blades, and spark
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plugs. It is also lost from the fraction of automo-
bile exhaust converters and electrical equipment
not collected and adequately recycled.

In 2010, automobile catalytic converters used
99 t of platinum, 204 t of palladium, and 30 t of
rhodium (Butler, 2011). Catalytic converters are
part of the exhaust system designed to accel-
erate the oxidation of carbon monoxide (CO),
nitrogen oxides (NO,), and unburnt hydrocar-
bons. They are composed by a ceramic or metal
honeycomb structure of channels coated with
so-called “wash-coating” catalysts that are
composed of a combination of PGMs and rare
earth oxides (Borgwardt, 2001; Lifton, 2007).
The best known combinations of PGMs are plat-
inum—rhodium (Pt—Rh), platinum—palladium
(Pt—Pd), and a three-way combination of all
three metals (Pt—Pd—Rh). The first two combi-
nations accelerate the complete oxidation of car-
bon monoxide and hydrocarbons. The three-
way catalyst also reduces nitrogen oxides to
pure nitrogen and oxygen. PGMs are fixed in
the wash-coat surface usually by impregnation
or by coating with a solution of hexachloropla-
tinic (IV) acid (HoPtClg-6H0), palladium chlo-
ride (PdCly), and rhodium chloride (RhCl3)
salts. As the solvent evaporates, a dry layer of
the PGM salts results in the surface of the hon-
eycomb structure (Ravindra et al., 2004).

PGM losses during the wash-coat formation
range from about 2—6% as maximum (Patchett
and Hunnekes, 2012). Taking into account that
current catalytic converters contain an average
amount of about 2 g of PGM, about 4—12mg
of PGM are lost during manufacturing
(Yentekakis et al.,, 2007). Based on the data
shown in Figure 4.2, we estimate that between
2 and 6t of platinum were lost during wash-
coat formation in 2010. PGMs are also lost dur-
ing automobile engine operation due to the
rapid change of oxidative/reductive condi-
tions, high temperature, and due to mechanical
abrasion. The average quantity of PGMs
released into the environment is in the range
of 65—180ng/km (Ravindra et al, 2004).

A possible way to estimate the amount of
PGM lost during vehicle operations is to
consider the current stock of vehicles in service
and the average distance traveled by them.

A more accurate estimate of the amount of
PGMs potentially recoverable can be compiled
by counting deregistered vehicles. A case study
in Germany estimated that only 41% of cata-
lytic converters from deregistered vehicles
reach dismantler facilities, and about 70% of
the PGMs contained in those converters are
recovered. The remaining 59% of catalytic con-
verters are not separated from the vehicle and
are not recycled. Many (perhaps most) are
exported to areas without adequate recycling
infrastructure. In some cases, convertors are
not removed from car bodies before being
shredded, or they are mistakenly sorted into
the wrong fractions, from which separation is
not feasible (Hageltiken, 2007a). In 2010, there
were 33.7t of platinum, 412t of palladium,
and 7.3 t of rhodium recycled from automobile
catalytic converters (Lofersky, 2011).

In the electrical sector, PGMs are used for
active components such as transistors, ICs,
thick-film hybrid circuits and semiconductor
memories, and also in passive components,
which include multilayer capacitors, thick-film
resistors, and conductors. The most important
PGM used in electronics is ruthenium in combi-
nation with platinum, palladium, and iridium
in alloys. Ruthenium is used in small quantities
to increase wear resistance for electric contacts,
and in microelectronics in computer hard disks,
multilayer ceramic capacitors, and in hybrid-
ized ICs. At present, neither ruthenium nor
iridium is recycled (Lofersky, 2011).

In 2010, only platinum and palladium were
recycled from electrical and electronic waste.
The amount of platinum recovered repre-
sented 5% of the amount consumed, as shown
in Figure 4.2. In 2010, there were 113.7 t of
palladium recycled from electronic waste,
whereas the global sales of palladium for elec-
tronics were 439t (Lofersky, 2011). These
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figures show that the recycling system and the
technology for recovering palladium are func-
tioning. In fact, in 2010, recycled palladium
supplied 44% of the world’s production.
Platinum and palladium were also recycled
from jewelry: 23.2t of platinum and 2.5t of
palladium.

4.4 THE DISTANT FUTURE:
GEORGESCU’S LAST LAUGH?

Georgescu-Roegen proclaimed that “matter
matters” and asserted that the “entropy law”
is the “taproot” of economics (Georgescu-
Roegen, 1971). His point was that dissipation
of matter (i.e. chemical elements) due to the
impossibility of perfect recycling constitutes a
“fourth law” of thermodynamics and an un-
avoidable limit to economic growth. He was
wrong about the fourth law and wrong about
the technical impossibility of recycling, given
an unlimited supply of useful energy (exergy)
(Ayres, 1999). This technical error has somewhat
discredited his entire thesis. However, the
long-term prospects for technologies that utilize
geologically scarce “hitchhiker” metals are very
poor from an economic perspective.

As noted earlier, the short- to medium-term
situation is that most rare metals are currently
underexploited in the sense that the potential
supply from mining of the important primary
(“carrier”) metals (iron, aluminum, copper,
zing, nickel, etc.) is larger than the actual output.
In some cases, the potential supply is hundreds
of times larger than the current consumption;
therefore, there is no immediate need for recy-
cling. But in other cases (e.g. cobalt and molyb-
denum), current output is reasonably close to
maximum potential output, given the current
demand for the associated carrier metal (e.g.
copper). Of course, the potential supply of cop-
per is also limited, although not (it seems) for
many decades to come.

With regard to standard industrial metals
such as iron and aluminum, the ores or possible
ores are plentiful, and most of the uses are not
inherently dissipative. There are dissipative
uses of iron such as nails and small hardware
items, as well as rust from structural beams
and iron oxide pigments. There are dissipative
uses of aluminum, especially aluminum foil
and aluminum bottle caps. Hence iron and
aluminum will be mined to some extent even
in the very distant future unless those “waste-
ful” uses are also eliminated. Nickel, cobalt,
and molybdenum will be recycled to a high de-
gree because their metallurgical uses, such as in
stainless steel or refractory (heat resistant) al-
loys, are such that collection and separation
are not too difficult. Copper, zinc, and lead are
very easily recycled. In the case of copper, it is
easy to recycle copper roofing, copper tubing
for water, and copper from household wiring,
motor and generator windings, and so forth.
But copper for computer chips, brass cartridges
for bullets, and copper chemicals are very diffi-
cult or impossible to recycle. In the case of lead,
old water pipes, radiation shielding, and lead-
acid batteries are easily recycled, but lead-
based solder is not, and lead bullets and lead
shot for shotguns are quite dissipative. Zinc
has few metallic uses except for some kinds of
hardware. Zinc coating for iron (“galvanizing”)
is one of that metal’s biggest uses. Recovery of
zinc from galvanized scrap iron is possible but
not very profitable. Similarly, PGMs are easily
recycled from industrial catalysts, or fuel cells,
but it is getting very hard to recover PGMs
from automobile exhaust systems unless the
EOL vehicles are carefully dismantled prior to
scrapping operations. However, in the very
long run, automotive vehicles with internal
combustion engines that burn gasoline or diesel
may be largely replaced by electric vehicles.

For the major metals, we may never eliminate
the need for some mining activity, but the
resource base is large enough thatno supply crisis
is likely for centuries to come. Recycling will
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never be 100% effective, thanks to the Second
Law, but fairly high recovery rates from demoli-
tion scrap and scrap cars can be foreseen. Also,
the value of secondary metals (especially gold
and silver) is already keeping some mines open.
Similarly, the increasing value of some very
scarce metals, such as indium or tellurium, may
eventually justify the investment in large-scale re-
covery and in the recycling of certain electronic
items such as touch screens or PV panels.

Unfortunately, new IT products, such as
iPhones and iPads, use more and more of the
scarce metals in trace amounts. It is important
to ensure that this trend toward micro-
miniaturization does not prevent us from recov-
ering these metals. In the future, this will require
much higher prices—such as those that we now
see for gold and platinum. From a systems
perspective, this may have to be accomplished
by innovative means such as “renting” the scarce
materials. The implications of such schemes will
require extensive study and analysis.

References

Ayres, R.U., 1999. The second law, the fourth law, recycling
and limits to growth. Ecological Economics 29 (3),
473—483.

Berger, V.I, Singer, D.A., et al., 2011. Ni-Co Laterite Deposits
of the World. Database and Grade and Tonnage Models.
United States Geological Survey.

Borgwardt, R., 2001. Platinum, fuel cells and future US road
transport. Transportation Research, Part D: Transport
and Environment 6 (3), 199—207.

Buchert, M., Manhart, A., et al., 2012. Recycling Critical Raw
Materials from Waste Electronic Equipment. Sustainable
Innovation and Technology Transfer Industrial Sector
Studies. Oeko-Institut e.V.

Buchert, M., Schueler, D., et al., 2009. Critical Metals for
Future Sustainable Technologies and Their Recycling
Potential. Sustainable Innovation and Technology
Transfer Industrial Sector Studies. UNEP.

Butler, J., 2011. Platinum 2011. PGM Market Review. John-
son Matthey.

Christmann, P, Angel, ].M., et al., 2011. Panorama 2010 du
marché du gallium. Compagnie Européenne d’Intelli-
gence Stratégique (CEIS), pp. 1-53.

Drew, LJ., Qingrun, M., et al., 1991. The geology of the
Bayan Obo iron-rare earth-niobium deposits, Inner
Mongolia, China. Materials Science Forum 13 (70—72),
13-32.

Du, X., Graedel, T.E., 2011. Uncovering the global life cycles
of the rare earth elements. Scientific Reports 1, 145.
Eichler, S., 2012. Green gallium arsenide (GaAs) substrate
manufacturing. In: The International Conference on
Compound Semiconductor Manufacturing Technology,

Boston, Massachusetts, USA.

Erdmann, L., Graedel, T.E., 2011. Criticality of non-fuel
minerals: a review of major approaches and analyses.
Environmental Science & Technology 45 (18),
7620—7630.

European Commission, 2010a. Annex V to the Report of
the Ad-hoc Working Group on Defining Critical Raw
Materials. European Commission, Brussels, pp. 220.

European Commission, 2010b. Critical Raw Materials for
the European Union. European Commission.

Georgescu-Roegen, N., 1971. The Entropy Law and the
Economic Process. Harvard University Press, Cam-
bridge, MA.

Goonan, T.G., 2012. Materials Flow of Indium in the United
States in 2008 and 2009. US Geological Survey, Denver.

Graedel, T.E., Allwood, J., et al., 2011. What do we know
about metal recycling rates? Journal of Industrial Ecol-
ogy 15 (3), 355—366.

Gray, F, Kramer, D.A., 2005. Gallium and gallium com-
pounds. Kirk-Othmer Encyclopedia of Chemical Tech-
nology. Kirk-Othmer, John-Wiley & Sons.

Green, M.A., Emery, K., 2011. Solar cell efficiency tables
(version 37). Progress in Photovoltaic Research and
Applications 19 (1), 84—89.

Gupta, CK., Krishnamurthy, N., 1992. "Extractive metal-
lurgy of rare earth. International Materials Reviews 37
(5), 197—248.

Gupta, CK., Krishnamurthy, N., 2005. Extractive Metal-
lurgy of Rare Earths. CRC Press.

Habashi, F. (Ed.), 1997. Handbook of Extractive Metallurgy.
Wiley-VCH.

Hageliiken, C., 2007a. Closing the loop — recycling auto-
motive catalysts. Metall 61, 24—39.

Hageliiken, C., 2007b. RO7 Metals Recovery from E-scrap in
a Global Environment. OEWG, Basel. Umicore.

Jaskula, B.W., 2010. Mineral Commodity Summaries: Gal-
lium. US Department of the Interior, Washington, DC.
United States Geological Survey, pp. 28—59.

Jaskula, B.W., 2011. 2009 Minerals Yearbook: Gallium. US
Department of the Interior, Washington, DC. United
States Geological Survey I, pp. 1-21.

Jaskula, B.W., 2013. Minerals Commodity Summaries: Gal-
lium. US Department of the Interior, Washington, DC.
United States Geological Survey I, pp. 58—59.

I. RECYCLING IN CONTEXT


http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0010
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0010
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0010
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0010
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0015
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0015
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0015
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0020
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0020
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0020
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0020
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0025
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0025
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0025
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0025
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0030
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0030
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0030
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0030
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0035
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0035
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0040
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0040
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0040
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0040
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0045
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0045
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0045
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0045
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0045
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0045
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0050
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0050
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0055
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0055
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0055
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0055
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0060
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0060
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0060
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0060
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0060
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0065
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0065
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0065
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0070
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0070
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0075
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0075
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0075
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0080
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0080
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0085
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0085
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0085
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0085
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0090
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0090
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0090
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0095
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0095
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0095
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0095
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0100
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0100
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0100
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0100
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0105
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0105
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0110
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0110
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0115
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0115
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0115
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0115
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0120
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0120
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0125
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0125
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0125
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0125
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0130
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0130
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0130
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0130
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0135
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0135
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0135
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0135

38 4. RECYCLING RARE METALS

Kalejs, J., 2009. NSF Workshop. Manufacturing Challenges
for PV in the 21st Century, Arlington, VA, USA.

Kamada, R., Shafarman, W.N., et al., 2010. Cu(In,Ga)Se; film
formation from selenization of mixed metal/metal-
selenide precursors. Solar Energy Materials and Solar
Cells 94 (3), 451—456.

Kawaguchi, Y., 2006. Coming full circle. Recycling Magazine.

Koslov, S.A., Potolokov, N.A., et al., 2003. Preparation of
high-purity gallium from semiconductor fabrication
waste. Inorganic Materials 39 (12), 1257—1266.

Lifton, J., 2007. By-products III: Rhodium. Resource Investor
News.

Lofersky, PJ., 2010. Mineral Commodity Summaries:
Platinum-Group Metals. US Department of the Interior,
Washington, DC. United States Geological Survey,
pp. 120—121.

Lofersky, PJ., 2011. 2010 Minerals Yearbook: Platinum-
Group Metals. US Department of the Interior, Washing-
ton, DC. United States Geological Survey, pp. 1-12.

Moss, R.L., Tzimas, E., et al., 2011. Critical Metals in Stra-
tegic Energy Technologies. Assessing Rare Metals as
Supply-Chain Bottlenecks in Low-Carbon Energy Tech-
nologies. JRC — Institute for Energy and Transport, pp.
1-162.

Neidlein, H.C., 2012. PV module recycling mandatory for all
EU members by Q1 2014. PV Magazine.

Patchett, J., Hunnekes, E.V., 2012. Gas Catalysts Comprising
Porous Wall Honeycombs. http://www.patentgenius.
com. B. Corporation. US, Sample, D, pp. 1-19.

Quick, D., 2011. Researchers Cut Waste and Lower Cost of
‘CIGS” Solar Cells Using Inkjet Printing Technology.
Gizmag,.

Ravindra, K., Bencs, L., et al., 2004. Review: platinum group
elements in the environment and their health risk. Sci-
ence of the Total Environment 318 (1), 1—43.

Renner, H., 1997. Platinum group metals. In: Habashi, F.
(Ed.), Handbook of Extractive Metallurgy. Wiley-VCH
(Section 25).

Rodier, D.D., 1980. Lead-zinc-tin ‘80. In: Cigan, ].M.,
Mackay, T.S., O’keefe, T.J. (Eds.), Proceedings of World
Symposium on metallurgy and environmental control.
The Metallurgical Society of AIME, Las Vegas.

Shedd, K.B., 2011. Mineral Commodity Summaries: Cobalt.
US Department of Interior, Washington, DC. United
States Geological Survey, pp. 46—47.

Talens Peiro, L., Villalba Méndez G., 2011. Results from the
Workshop “Preliminary Assessment of Multifunctional
Mobile Phones”. Brussels.

Talens Peird, L., Villalba Méndez, G., et al., 2013. Material
flow analysis of scarce metals: sources, functions, end-
uses and aspects for future supply. Environmental Sci-
ence & Technology 47 (6), 2939—2947.

Tolcin, A.C., 2011. Mineral Commodity Summaries: Indium.
US Department of Interior, Washington, DC. United
States Geological Survey, pp. 74—75.

US Department of Energy, 2011. Critical Materials Strategy.
US Department of Energy, pp. 1—196.

US National Research Council and Committee on Critical
Mineral Impacts of the US Economy, 2008. Minerals,
Critical Minerals and the US Economy. National Acad-
emy Press, Washington, DC.

USGS, 1973. United States Mineral Resources. US Gov’t
Printing Office, Washington, DC.

Yentekakis, 1.V., Konsolakis, M., et al., 2007. Novel electro-
positively promoted monometallic (Pt-only) catalytic
converters for automotive pollution control. Topics in
Catalysis 42—43, 393—397.

Yoshioka, K., Nakajima, T., et al., 1994. Sources of Total
Factor Productivity for Japanese Manufacturing In-
dustry: 1962—1988. Keio University, Tokyo, Japan.

I. RECYCLING IN CONTEXT


http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0140
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0140
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0140
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0140
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0140
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0140
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0145
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0150
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0150
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0150
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0150
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0155
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0155
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0160
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0160
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0160
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0160
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0160
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0165
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0165
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0165
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0165
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0170
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0170
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0170
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0170
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0170
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0170
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0170
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0175
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0175
http://www.patentgenius.com
http://www.patentgenius.com
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0185
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0185
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0185
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0190
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0190
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0190
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0190
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0195
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0195
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0195
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0200
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0200
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0200
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0200
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0205
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0205
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0205
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0205
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0210
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0210
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0210
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0210
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0210
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0215
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0215
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0215
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0215
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0220
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0220
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0220
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0225
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0225
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0225
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0225
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0230
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0230
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0235
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0235
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0235
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0235
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0235
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0235
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0240
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0240
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0240
http://refhub.elsevier.com/B978-0-12-396459-5.00004-0/ref0240

CHAPTER

5

Theory and Tools of Physical
Separation/Recycling

Kari Heiskanen
Aalto University, Espoo, Finland

Materials for recycling may consist of end-
of-life (EOL) product streams, byproducts
and waste streams from original equipment
manufacturing and the production of compo-
nents, and finally also rejects, byproducts and
waste streams from raw-material producers. A
common feature is that all consist of compounds.
The elements of the compounds can be recycled
only by chemical or metallurgical means.

Recycled products can be characterized by the
properties they have as a function of size. Proper-
ties can be physical or chemical in nature. They
arise from the mass/area distribution of the com-
pounds of a stream. These compounds can either
be dominant in the product or form varying parts
of them. As an example, a freight railroad car
consists mostly of different carbon steels made
by alloying three or four elements, but a mobile
phone consists of a multitude of compounds
made out of approximately 60 elements.

The chemical complexity of a compound as
well as a metal alloy is not a function of particle
size, and thus cannot be reduced by physical
means. In practice, mixtures of very fine matter
in a continuous matrix, such as pigments or
flame retardants in plastic, also show a similar
behavior, in that the complexity is not a function
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of particle size. Some of the most miniaturized
electronic devices also belong to this group,
because the required particle size is too small
for practical purposes.

Most of the products manufactured are char-
acterized by a variable scale showing a degree of
particle size dependency. Some of them are
complex and often contain components that
fall into the first category in which complexity
cannot be reduced. Good examples of this are
EOL electronics or cars. At the other end of the
spectrum are simple products that consist of
few materials, and in which the joints between
compounds (alloys) are easily breakable: for
example, the freight railroad car.

Many waste streams, like metal production
slag, have voluminous matrix components that
cannot be reduced in complexity. These can be
treated by the removal of the matrix into
streams where the valuable components are
concentrated.

Compounds in a recyclable stream are distrib-
uted and connected in different ways, affecting
the size dependency. This is termed liberation. If
the particle size is made finer, the liberation
will change in a way that is typical to the recy-
clable material and method of particle reduction.

Copyright © 2014 Elsevier Inc. All rights reserved.
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This characteristic is termed a liberation curve,
named for the similar phenomenon in natural
minerals. Particles in a recycled set will contain
different mass fractions of different compounds.
This is discussed later more in detail. These par-
ticles will also exhibit different physical and
chemical properties that react to physical forces
and the chemical environment in different
ways. The chemical interactions may become
complex and lead to unwanted reactive results,
affecting recycling rates negatively.

This essential feature can be captured in a
product-based approach to recycling, in contrast
to a material-based approach. The former
implicitly takes into account the whole cycle
from the EOL phase to the production of
renewed raw material. It also allows the interac-
tions caused by the stream complexities to be
modeling, to achieve improved recycling rates
by technology and systems development. The
latter is adequate for bookkeeping but does not
address the effects of complexity. As an example,
an error often made in material-based recycling
discussions is to mix steel recycling with iron
recycling. Steel forms a wide family of iron-
based alloys. Many of the over 6000 alloys can
be recycled together. However, for the produc-
tion of recycled steel, there are limits to the con-
tent of several other metals included in the
scrap, which either need to be diluted with pri-
mary material, separated away from the feed
scrap stream or lost into production slag, fumes
and dusts. Examples are copper and tin.

In addition to the complexity of a single prod-
uct, practical recycling streams have another
level of complexity arising from the collection
phase where different products are collected
into a combined stream. This may dilute the eco-
nomic value of a stream substantially by chang-
ing the mass ratio of high-value compounds
relative to low-value compounds. Because
different products have different liberation
curve characteristics, combining different kinds
of streams will also increase the complexity of
the liberation characteristics.

A complex set of properties makes recycling
difficult. As an example, freight railroad car
recycling does not pose difficulties, whereas
mobile phone recycling does.

5.1 RECYCLING PROCESS

The collection of recyclable materials should
be designed so that an unnecessary increase in
stream complexity is avoided. Much can be
done at the origin of the recycling process. In in-
dustry cuttings, turnings, rejects, etc., should be
sorted carefully. The same applies to EOL goods
from households, a much more difficult task.
The optimal degree of presorting is dictated
by the collection system costs and structures,
location and process capabilities of treatment fa-
cilities, and economic incentives available for
different actors.

After collection, the streams often tend to be
too complex and unsuitable for final processing.
Many valuable elements and compounds may
be present at too low a value to merit the high
cost of final processing. Thus, the normal step
following collection is first to reduce the particle
size to a more suitable finer size, and then to
perform a mechanical separation step or several
steps using the physical property differences be-
tween the particles in the feed stream. These
streams are either further purified physically
or sent for further processing by chemical or
metallurgical means. Some material streams
may already have reached a saleable commer-
cial quality after physical treatment. Physical
treatments range from manual sorting to sophis-
ticated automated systems.

In all of these steps, the particle size, shape
and density of individual pieces is important
and affects the recycling process outcome.

5.2 PARTICLE SIZE

Any mass of material to be recycled consists of
particles. The particles can be characterized by

I. RECYCLING IN CONTEXT
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their size. Usually the shape of particles differs
from a sphere, which is the only geometric
form that has a well-defined unique size, its
diameter. All other geometric and irregular
forms have different sizes, depending on the
technique used for measurement. The most com-
mon method for scrap sizing is sieving. The par-
ticle size xa is characteristic of an aperture
through which the particle passes. The sieve sur-
faces are usually woven wire cloths with square
apertures. In this case, the size is the side length
of the square. The surface can also be made with
a punched square or round hole. Another com-
mon method for measuring particle size is to
measure its settling velocity in liquid or air.
Then, the size is given as the size of a sphere
with the same settling velocity as the particle.
This is called Stokes diameter, x;, for small parti-
cles settling at laminar velocities (Reynolds
number < 0.2), or more generally, drag diameter,
xq. Particles can be illuminated by light and their
projections are measured to obtain the projected
area diameter, dp,. Other image-processing diam-
eters are the Feret diameter, dg, and the Martin
diameter, dy1. They are respectively the distance
between parallel tangents to the image and the
cord length of the particle image measured in a
defined direction. Particle volume and particle
surface can also be measured to yield the volume
diameter, d,, and surface diameter, d;, which are
the diameters of a sphere with the same volume
or area as the particle. For fine fractions, laser
diffraction is currently the most common
method. The size is the equivalent diameter of
a sphere, with the same optical properties, that
produces a diffraction pattern similar to the par-
ticle. It is, however, more complex than that,
because the diffraction pattern measured is the
total light energy falling on the sensor array
and the particle size distribution is inversely
computed from those data using known material
optical models and diffraction theories. As the
particles are suspended in a fluid and pass the
measurement cell at some velocity, the measured
light energy is an average over some time, and

thus the obtained particle size is also a time
average of the mass passed through the measure-
ment cell.

Several average particle sizes can be used to
estimate recycling system behavior. The most
common is the average volume/surface diam-
eter, the Sauter mean diameter (x3p). It is the
diameter of a sphere that has the same volume-
to-area ratio as all particles in the whole sample.

Particle sizes and their distributions are most
often given in discrete classes for historical rea-
sons, because sieving naturally creates classes.
The class divisions are given usually in geomet-
ric series. The traditional series is the Tyler se-
ries, in which the subsequent size of an
aperture between sieves has a ratio v2. The
base size is a 74-um sieve. This is often called
the 200 mesh (200#) sieve, because there are
200 wires per inch in the woven sieve cloth.
The international ISO-565/ISO 3310 standard
is based on a base sieve of 1 mm and has a geo-
metric ratio of R20/3, i.e., every third in a series
of ¥10 from 125 mm to 32 um. Finer sizes
follow R10 series ( ¥/10) down to 20 um.

Any set of particles (the sample) will have a
particle size distribution. It can be expressed
either as the frequency distribution g(x) or as a
cumulative distribution finer than size x, Q(x).

Xmax

[ aoie= > gutx)

i=1

Qr(x) = (5.1)

Xmin

There are four types of particle size distribu-
tions distinguished by the subscript r in the
equation above: number, length, area and vol-
ume. The most common are number and volume
(mass) distribution. The convention is that the
subscript r is given a value from 0 to 3 subse-
quently from number to volume distribution.
So, Q3(x) means a cumulative volume distribu-
tion and go(x) is a number frequency distribution.

Number distributions are important to plan-
ning sampling campaigns because statistical
errors and analytical confidence limits depend
on the number of particles sampled. Often,
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reaction rates are related to the reactive surface
and the mass balances of such reactions corre-
late with the mass distributions.

Real distributions can be estimated with
simple mathematical distributions. All are suit-
able only for mono-modal distributions. The
simplest representation is an exponential func-
tion called the Gates—Gaudin—Schuhmann
(GGS) equation

Qi) = (10)

where x( is the size at which all particles are
finer and « is the slope (width) of the distribu-
tion. A second widely used form of distribu-
tion is the Rosin—Rammler—Sperling—Bennett
equation

Ou(x) = 1 Exp — { _ (xi)m} 5.3)

which is capable of describing the ends of the dis-
tribution better than GGS. In the equation, x;, is the
size at which 62.3% of particles are finer. Param-
eter m is the slope (width) of the distribution.

The third equation given here is the log-
normal distribution

B 1 1 /In(xy/xy ) 2
= %Tz—ﬁx'”{ () }

54

(5.2)

where x,,, is the median and In(s,) is In (ﬁgi:)
(x50 = size at which 50% is finer).

For multi-modal particle distributions, one
has to combine two or more distributions.
Multi-modality is often observed in recycled
feeds because the material properties (for
example, brittleness) in a product can vary a lot.

5.2.1 Translational Velocity of Particles

A single particle moves in a fluid medium
(liquid or gas) obeying classical mechanics.
Two dimensionless numbers are useful for

evaluating the behavior of particles settling a
fluid.

Reynolds number Re is the ratio of inertial
forces to viscous forces. For particles, we can
write it as

Re = @, (5.5)

o

where d is the characteristic length, i.e., particle
diameter and u the dynamic viscosity (Pa s). At
low Reynolds numbers, the viscous forces
dominate and the flow around the particle is
smooth. A limit is considered typically to be
Re <0.2. When the Reynolds number exceeds
Re > 1000, the inertial forces dominate and the
fluid forms a distinct turbulent wake at the aft
of the particle.

The other important dimensionless variable
is the drag coefficient Cq. When a particle moves
through a fluid, it must displace fluid elements
from its path. This consumes energy, which
can be understood as a force F4q slowing particle
velocity. This drag force has two components
that are important to velocities used in recy-
cling. The first; skin friction, is caused by the
fluid viscosity; and the second, form drag, is
caused by the pressure difference between the
fore and aft of the particle

2
prZA '

Drag coefficient varies as a function of veloc-
ity, particle size and shape, fluid density and
viscosity. Drag coefficient is a function of the
Reynolds number Re.

The drag force, buoyancy and gravitational
force are the main forces controlling the settling
of a particle in a quiescent fluid. The accelera-
tion of a particle is

Cq = Fy (.6)

d
m = mg+ mg% +p0?CaAf2,  (B7)
S

dt
where m is the mass; v, the velocity of the parti-
cles; p density (subscript f for fluid and s for
solids); Cgq, drag coefficient; and A, the area of
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the particle perpendicular to the direction of
movement. As the velocity increases, the drag
force will also increase until the acceleration
comes to zero and the particle has obtained ter-
minal velocity.

For fine particles (typically below 60 pm for
solid particles), the drag coefficient can be esti-
mated to be Cq =24/Re (for spherical particles).
For terminal velocity, this leads to the well-
known Stokes equation

d2g(ps - pf) .

180 5.8

Ust =

For very high Reynolds numbers, the drag

coefficient is essentially a constant Cq = 0.44.

This leads to a terminal settling velocity equa-

tion for large particles (also known as Newton’s
equation)

> 3dp(ps — py)

.
P

5.9

For intermediate sizes, no closed solutions
exist. Turton and Clark (Turton and Clark, 1987)
presented a useful approximation using dimen-
sionless numbers. For dimensionless velocity v*,
they give as a function of dimensionless size d*

—1.214
18 0.824 0.321 0.412

The dimensionless size d* can be obtained
from

. 3 2 (%) 8(ps — ps)ps
d (4CdRe> = dp | SO0

(5.11)
and dimensionless velocity v* from

y = (4_Re><“‘> I
3Cq *\ mg(ps — )

steel —{x— circuit board

1,00E+01

1,00E+00

_’-—"’,’)/

I

1,00E-01

1,00E-02

1,00E-03

1,00E-04 —4

Settling velocity (m/s)

1,00E-05

1,00E-06

&

1,00E-07

1,00E+00 1,00E+01

1,00E+02

1,00E+03 1,00E+04 1,00E+05

Particle size (pm)

FIGURE 5.1 Particle settling.
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For a known size, first calculate the dimen-
sionless size (Eqn (5.11)) and use it to estimate
dimensionless velocity (Eqn (5.10)). Then, solve
the real velocity from Eqn (5.12).

The differences in settling velocity are large
when comparing a piece of steel or a piece of cir-
cuit board resin, as can be seen in Figure 5.1. A
resin piece with a diameter of 4.3 mm obtains
a terminal velocity of 0.1 m/s. A steel particle
is only 0.23 mm in diameter.

Non-spherical particles often behave in an
erratic way, depending on their Reynolds num-
ber and the shape itself. In laminar conditions,
the particles tend to become oriented so that
the total drag force is minimized. Platy particles
tend to wobble and flow in an erratic way. The
drag coefficient tends to be a decade higher
than for spheres of the same density and mass.
Needle-shaped particles translate in a laminar
flow with the longest dimension aligned with
the flow.

In turbulent flow conditions, the particles
tend to become oriented so that skin friction is
minimized. Platy particles are moving wobbling
in a position where the highest surface area is
perpendicular to the flow. This causes the drag
coefficient to be up to 2 decades higher than
for a respective sphere. Needle-shaped particles
wobble in a turbulent flow.

As a general rule of thumb, platy particles
may be an order or even two orders of magni-
tude larger (largest dimension) to obtain the
same terminal velocity.

5.3 PULP RHEOLOGY

Pulp rheology substantially affects the flow
behavior of a separator. There, the most impor-
tant variable is the volume concentration of
solids ¢ in the suspension given by
bp — 1
bs—1’

where specific weight 0; = p,/ Puater
‘water

(5.13)

¢ =

5.3.1 Apparent Density

In separators, where solid particles are
dispersed in a fluid, the apparent specific den-
sity of the dispersion increases as

100

(03) 4100 — P

where P is the suspension solid content percent-
age by mass.

6, = , (5.14)

5.3.2 Apparent Viscosity

Most pure fluids are Newtonian in their
behavior. Any small stress will cause a shear
and the fluid moves. The ratio is called viscos-
ity. When the solids content increases in a fluid,
the behavior of the fluid resembles increasing
viscosity effects. Thomas (Thomas, 1965) pro-
posed the following equation for the viscosity
effects of suspended solids

% = 1+2,5¢+ A¢* + Bexp(Co),
0

where ¢ is the solids volume concentration.
Heiskanen and Laapas (Heiskanen and Laapas,
1979) proposed slightly different parameters to
the equation. (Table 5.1).

The difference between the predictions is
typically below 4% when ¢ is below 30% but
then increases quickly, because the Thomas
equation predicts substantially higher apparent
viscosities at higher volume concentrations.

(5.15)

5.3.3 Hindered Settling

When the solids content of a fluid, notably
water, increases, the translational velocity of

TABLE 5.1 Parameters for the Apparent Viscosity

Equation
A B C
Thomas (Thomas, 1965) 10.05 0.00273  16.6
Heiskanen and Laapas 14.1 0.0274 —16.6

(Heiskanen and Laapas, 1979)
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TABLE 5.2 Parameters for the Richardson
and Zaki Equation

Re <0.2 b =4.65
0.2 <Re < 1.0 b =4.36/Re "
1.0 < Re < 500 b = 4.4/Re®!

Re > 500 b=2.39

the particles will decrease. For spherical parti-
cles, we get as an experimental equation for
the ratio for hindered settling (Richardson and
Zaki (Richardson and Zaki, 1954))
Yh b
o~ LT
where b is a function of Re. (Table 5.2).
A small particle with a density of 3000 kg/ m>
in a 30% by weight (12.5% by volume) slurry has
only about 55% of the free settling velocity.
Increasing the solids fraction by weight to 50%
reduces the settling velocity further to about
28%. For very large particles, the ratios are 72
and 50%, respectively.
To evaluate the effect of particle density in a
solid suspension, the following approximate
equation can be used for small particles

(5.16)

a_ [t 0p (5.17)
X2 01 — ﬁp
and
x_le (5.18)
X2 0] — ﬁp

for large particles.

The size ratio between a steel particle and an
aluminum one increases by 12% for fine parti-
cles and 24% for coarse particles, when the spe-
cific gravity increases from 1.0 to 1.4.

5.4 PROPERTIES AND PROPERTY
SPACES

Any particle in a size class can be character-
ized by its properties averaged over its volume

or surface. Of course, this property can be sim-
ply its chemical composition, but the composi-
tion of compounds and the set of consequent
physical properties are more useful. Any set of
particles will have a distribution of property
values (Figure 5.2). This distribution can be
treated as any statistical distribution with a
mean and a variance. Let us denote the particle
size as i and the properties as jkK,.... The size
classes can be single ISO-565 fractions or any
combination deemed applicable, or any other
sizes. For example, it can be too fine for process-
ing at —4 mm, optimal for processing at
4—64 mm, and too coarse and unliberated
at +64 mm.

Properties must be considered by their utility.
Only those properties that are important to the
separation stage at hand and the requirements
of further processing need to be considered. It
is advisable that there be as few property classes
as possible.

For example, if low purity steel scrap is to be
treated, the simplest technology is to perform
magnetic separation. Because most carbon
steels exhibit ferromagnetism, magnetic suscep-
tibility can consist of two classes: with or
without this property. Because steel scrap also
contains elements detrimental to the steel-
making process, for high-quality steels we
need to add composition properties such as a
fractional content of copper in, say, 10%-unit
steps (in any single particle). However, this
approach quickly leads to a high number of
combinations of properties.

The property space shows a way to model
recycling (Figure 5.3). Models that track the
changes in numbers of particles between the
different volumes of property space are called
population models. The simplest space is a
one-dimensional binomial space of similar-
size white and red beads; a description of a
mobile phone after complete shredding will
need an N-dimensional space with a large
number of classes for every property, which
is impossible to model. However, these
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population models can still be useful in
modeling size reduction and separation in
recycling.

Particles can move to and from the property
class volume by several mechanisms. First,
they can move through the boundary by a
convective motion. This can be by mechanical
abrasion, by chemical reactions starting to
take place as the temperature or chemical envi-
ronment changes, by melting, or by any such
process. They can also move by finite steps as
a result of breakage or agglomeration. They
can be destroyed in one volume for the progeny
particles to arrive into several others. There can
also be physical additions and withdrawals of
particles into and from a given property
volume.

%/N@(x)dxz—/NcDundﬁ—D
IS ¢ (5.19)

+B-Q+A,

where N is the number of particles, ®(x) is
the frequency size distribution of particles, u
is a vector describing the rate of particles
passing the boundary S, D is the disappear-
ance and B is the birth of particles resulting
from some physical or chemical action, and
Q and A are the removal and addition, respec-
tively, of the particles” byproduct and feed
streams.

For many practical applications, the number
distribution can be substituted with a mass
distribution.

One way to use the property space for mass
balancing and data reconciliation is to define
for each stream f a flow rate Qs of a phase j
(property class 1). Each phase consists of com-
ponents k (property class 2). We can define Pyj¢
to be the fraction of component k in phase j in
stream f. We can define Xjy to be the fraction
weight of particle size class 1 of phase j in
stream f. As the last definition, we have Ty as
the fraction of component k in particle size class
i of phase j in stream f.

For many technical purposes, a one-
dimensional cut from the mass-based property
space, i.e., a frequency distribution or histogram
of a single property mass, is interesting, as will
be discussed next.

5.5 SAMPLING

Properties described earlier can be treated as
property distributions with a mean and stan-
dard deviation. The variability is always a func-
tion of particle numbers sampled, not mass.
There are properties that are integrative, such
as the chemical composition. They are indepen-
dent of particle size and can therefore be
shredded and comminuted to finer sizes to in-
crease the number of particles sampled. There
are also properties that are size dependent,
such as specific surface area of the material.

Even if the unknown real distribution is
skewed, the sampled distribution tends to be
closer to a normal distribution. It is usually
assumed that the sampled distribution of the
mean is normally distributed. Then, the limit
clause

var(x)

var(x) = (5.20)
stipulates that the variance of the mean is an nth
fraction of the variance of a single measurement.
It also says that doubling the sample size will
reduce the variance to half. For a small number
of samples (<30), the distribution follows Stu-
dent t distribution, which is a wider distribution
than the normal distribution because of the un-
certainty in estimating the standard deviation.
Gy (Gy, 1979) developed a sampling theory
thatis in general use. The variance that is caused
by the inhomogeneity of the material itself is
called the fundamental variance. This error
will remain even when the sampling is per-
formed in an ideal way. The fundamental vari-
ance is related to the third power of the largest
particles present in the sampled material
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3
Cxgs
b

A (5.21)

Var(xfundam) =

where xg5 is the size at which 95% are finer, Am
is the increment size, n is the number of incre-
ments, and C is a constant depending on the
property distribution, liberation, particle shape
and width of the size distribution. As can be
seen in Eqn (5.21), a reduction in size of the
largest pieces reduces the fundamental variance
rapidly.

There are several sources for error in per-
forming the sampling. The total variance of
sampling consists of the fundamental variance
and variances of error taking place in assaying
and sample selection owing to wrong delimita-
tion of the sample (for example, loss of material
from increment) and owing to integration errors
caused by the discrete sampling of a continuous
variability.

var(z) = var(fundamental) + var(assaying)

+ Z var(sampleselection)

(5.22)
The dimension of sampling can be defined
as the spatial directions of a sampler to obtain
a representative sample. A one-dimensional
example is a material stream falling from a
transport belt by a sampler that traverses it. A
three-dimensional example is a heap of mate-
rial, in which sampling points need to be
distributed in three dimensions, a practical
impossibility.
Materials for recycling can be sampled by

¢ Random sampling
¢ Systematic sampling
¢ Stratified sampling.

These can be also performed as a two-stage
process or as a sequential process. Random sam-
pling is discouraged in most cases because true
randomness is difficult to obtain. This is espe-
cially the case for three-dimensional examples.
A random grab sample will have a high vari-
ance and will often be prone to errors caused

by nonideal sampling. The most accurate sam-
pling method is systematic sampling from a
one-dimensional case, i.e., an automatic sampler
sampling a moving stream of material. This also
applies to all secondary sampling before
assaying.

If the material has a tendency to segregate,
one can try stratified sampling, in which
different strata of the material are sampled sepa-
rately and the result is obtained by weighing the
results by stratum masses.

For cheap materials, sampling can be per-
formed using a two-stage process, in which
the first sampling may be, for example, first
selecting randomly the wagons () from a train
of M wagons to be sampled in more detail

»  (M-m\ & o2
Ch (Ml) i —
where oy, is the standard deviation between
wagons, and ¢, within wagons.

A sequential process is often used for quality
standards. If the first set is clearly within or
outside defined limits, the sampling is discon-
tinued and the lot is either accepted or rejected.
If the result falls between the defined limits,
sampling is continued with a second set.

For a variable (y) computed from a set of
measured variables as v = f(x1,x3,...,x,), the vari-
ance is computed as follows

(5.23)

ay\* ay\’
var(y) = (é) var(xq) + (%) var(xp) + ...
(5.24)

5.6 MASS BALANCES AND
PROCESS DYNAMICS

Recycling can also be understood as a mate-
rials handling operation, where material is
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transported, concentrated and purified during
the treatment. The process always consists of
the units handling the material with temporal
holdups, units of moving the material, and stor-
age units. They all are combined by an average
flow of material.

5.6.1 Mass Balances

Mass balances can be written either over a
single unit in the process or over larger parts
of the process. In mechanical recycling, one
often starts with steady-state mass balances,
where the recycled mass and its constituents
are assumed to be constant in any flow.
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As will be discussed later, these equations
never hold completely, but contain random
sampling and assay errors, and therefore do
not close completely and will require data
reconciliation.

For a separation as in Figure 5.4, recovery of
material with the property of interest can be
calculated from the mass balance

_ Coeqae
N Fcuf

Ao (Agc — €
— M_ (5.26)
Cac(caf - Cut)
For a two-product case (Figure 5.5), in which
properties a and b are divided to both C and S

product streams, the recoveries become

a

(5.27)

 Cac[(ca )(
Ra = Caf[(Cac — Cas) (Cps —
N Cbs[(cuc - Caf)(caf -
Rb B be[(cac - Cﬂs)(
F=C+T

Fcuf = Ccye + Tyt

bef = Ccpe + Ty (5.25)

mef = Ceme + Tomt,

where capital letters denote the total mass flow
of feed (F), product (C), and tails (T), and cy,f,
Cacr Cats Cbfs Cher Cbts---Cmfs Cme, a0y are the con-
centrations of the property of interest (a,b,...m)
in streams f, ¢, and t, respectively.

Yo

FIGURE 5.4 A simple separator.

For dynamic situations, where a property is
changing in time, we have to use dynamic
mass balance equations. Examples are shred-
ding, smelting, and leaching.

d
E(Vca) = Fcyp — Pegy — Vra

(5.28)

d
i (Veg) = Fegr = Pegy = Vg,

where V is the volume of reacting space, F is the
feed, P is the product, and r is the reaction rate.
These equations can be written in state-space

Fy LN Ty
Ye Ys

FIGURE 5.5 A two-stream separation case.
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notation. If the reaction between a and g is of
first order r =kc,, we get

X(t) = A()x(t) + B(t)u(t)

w=1 {Cﬂf],s -1 (529
T LG
Equation (5.28) can be used as a starting point
for population balance modeling of recycling.

5.6.2 Process Dynamics

The holdup or storage variation (mass stored
W) can be expressed as the difference between
incoming and outgoing flows in the ideal case.

WO _ o) - Qo).

The change in buildup is mathematically an
integrating process, but for our needs the impor-
tant point is that it takes time to change the
inventory.

If material is transported a given distance L at
a velocity v, it will show a transportation lag
© = L/v. For a property p(t) entering the trans-
port system at time t =0, we can write

(5.30)

Pout(t) = pin(t — 7). (5.31)

In Laplace domain' the transfer function of
this is

G(s) = e 2, (5.32)

This is a transfer function of a pure time
delay.

In recycling, we can use the well-known
limiting cases. In the first case, the reactor is
not mixed (plug flow reactor) (Eqn (5.32)); in
the second case, it is instantaneously fully

1 Laplace transform F(s) = / f(t)efst dt.
Jo

mixed (an ideal [fast] reactor). For the fully
mixed case, we have
1

Gls) = s+1°

If such a mixer is disturbed by a change in the
feed composition, we can multiply the transfer
function with the Laplace transform of the
disturbance to obtain the response. By perform-
ing the inverse Laplace transform back to time
space, we get the response in time. If the prop-
erty entering the fully mixed reactor is a step
change with a Laplace transform of (1/s), we
get for the response

Cls) = LGs) = 11

S E‘L'S—l—lz

(5.33)

>C() =1—e'/"

(5.34)
For n reactors in series with a constant resi-
dence time in all of them

1
66 = mro

By using these simple components, we can
predict the dynamic response of a flowsheet
(Figure 5.6) by first constructing a signal flow di-
agram (Figure 5.7).

By summing all of the transport lags and
taking into consideration only the two largest
time constants (the third has only a minor effect
on the dynamic response), we get the following
Figure 5.8. Using the combined notation of
the figure, the variation in the product p(s)
related to the required quality set point g(s) is

Gx(s)Gy(s)

P TGk eIGy )G T

In designing the control circuit in Figure 5.8,
one has to ensure that the system is stable
and that the control result is adequate. The
overall stability of the control circuit can be
answered by solving the function 1+ Gx(s)
Gy(s)Gm(s) =0. The roots must be negative
or have negative real parts. For a constant
set point, the dynamic response of

(5.35)

(5.36)
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Reaitor

Transport Separator Transport Separator
Reactor || O
FIGURE 5.6 A recycling flowsheet.
— L — e~ T,S |+ 1 | 1 - e—TSS || e_TGS _—
7,5+1 T,s+1|| 7,s+1
FIGURE 5.7 Flowsheet as a signal flow diagram.
Disturbance | d(s
Gy @ Gp® G ©
-poi I'c 1 Actuator | I 1
Se.['-p()lnt (:IIU'O i 1 Product
H{ONN B® [ Km /J\_j T8 +1 s+l | | ¢ pE)
Measurement
Gy

FIGURE 5.8 Signal flow diagram for feedback control for product quality.

(product/disturbance) is defined by the open-
loop transfer function Gy(s)Gx(s)Gp(s).

5.7 MATERIAL BALANCING

5.7.1 Linear Data Reconciliation

A prerequisite for meaningful recycling com-
putations is to perform data reconciliation,
which allows consistent and closed process bal-
ances to be obtained. This allows one to generate
a good understanding of the operation and its
trends for further process improvement. Closed
balances are also needed for process accounting
and performance estimates. The aim is obtain

consistent estimates for recycling process vari-
ables subject to model constraints.

A recycling process can be thought as a
network of nodes connected to perform the
recycling task at hand.

The node behavior can be expressed by con-
straining state equations, which need to be ful-
filled when performing data reconciliation. For
the balance of the process, we can write in ma-
trix form

Cx = 0, (5.37)
where C is the constraint equation matrix (with

elements c) and x is the vector of flows connect-
ing the units.
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For this, we need a set of measurements
of process variables such as particle size, mate-
rial and chemical composition, and so forth, to
write a constraining model for any single
node. These are typically conservation equa-
tions. Nodes can consist of units combining or
separating streams (physical separators), and
reactors (chemical and metallurgical reactors
and furnaces). The two first kinds are character-
ized by the conservation of all variables; the re-
actors always conserve the total mass and the
masses of elements but may not conserve other
variables.

We also need an estimate of the uncertainty of
the measured variables. An assumption made in
the reconciliation process and in formulating the
previous equation is that the errors involved are
not gross errors (bias) but are always randomly
distributed.

It is typical that variables are measured only
from some of the streams. Thus, we have
measured and unmeasured variables. Some
can also be calculated from information obtained
from other streams. If a variable is not measured
but can be calculated, it is called observable.
Of course, if we have no way to obtain the value
of a variable if it is unobservable.

S S,

1 -1

S3
-1
1 -1

S4 S5 S¢ Sy Sg

-1
1 -1
C = 1

-1

If the variable is measured and can also be
calculated, it is redundant; if it can be obtained
only by the measurement itself, it is nonredun-
dant. The first kind of redundancy can be

5. THEORY AND TOOLS OF PHYSICAL SEPARATION/RECYCLING

called topological. It considers measurements
from a stream. If the size distribution of all
three streams of a size separator is measured,
all measurements are redundant because
we can compute the values of one stream
from the two others and also have a direct
measurement. If one of the measurements is
not performed, the remaining stream variables
become nonredundant. One of the streams is
then nonmeasured but observable. If a second
stream measurement is omitted, the two
streams not measured become unobservable.
A nonredundant variable becomes unobserv-
able if its measurement fails. The second
kind of redundancy arises from repeated mea-
surements. This is important because it gives
information about the standard deviation of
the variable.

Estimability is a slightly broader definition
than observability, which is reserved only
for nonmeasured variables. A variable is esti-
mable if it is measured or nonmeasured but
observed.

A typical flowsheet in recycling is depicted in
Figure 5.9.

For simple material flow constraints, we get
for matrix C:

S9 S0 Su1 S12 S13 Su

(5.38)

1 -1 —1|

By first arranging the streams as unmeasured
and measured and using the basic matrix oper-
ators, we can have the unmeasured part ar-
ranged into observable and unobservable parts
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S2%  S4% Slivk  S13v%

sik s3 S5 S7 S10 S12 S14%

s8 %k

FIGURE 5.9 A typical flowsheet for recycling (H denotes sampled stream).

by developing the matrix canonical form. The The first equation cannot be satisfied by mea-
canonical form is surements and forms the basis for data reconcil-

53 S5 S12 S0 Se S7 So S1 S2 54 Sg Su S13 Su

1 -1 1
1 -1 1 1
1 1 -1
C= 1 -1 -1 -1 (5:39)
-1 -1 -1 1 1
1 101 -1 -1 -1
I 1 1 -1 -1 -1

In the example, streams S3, Ss, S12, and Sjpare  iation. The second equation allows us to
observable because they only have one nonzero calculate the observable variables. The third
element in the column. Streams Sg, Sy, and Sgare  equation cannot be solved.
unobservable. All the measured streams are The redundant variables will never satisfy
nonredundant. A material reconciliation cannot  Eqn (5.41). We have
be performed for this samplipg sch(?me. CRYR = T, (5.44)

Equation (5.37) can be written with the help ] )
of Eqn (5.39) to show the measured (M) and un- where r is a vector for residuals.

measured (U) variables (Rao and Narasimhan For linear systems (i.e., only simple mass
(Rao and Narasimhan, 1996)) flow conservation equations for nodes x; = Q;)
reconciliation procedure is a minimization prob-
[Cy Cwm] Xu| _ (5.40) lem. where the objective functmn is minimized
X subject to a set of constraints.
I trix for th ti b itt
We get from the system’ n matrix for the eTqua ion can be written as
S Gany  Min{[Qr — Qr]'sg'[Qr - Qx]}  (45)
X0 = CROXR + CNROXNR (542)  with the constraint cxQ, = 0. This is a least-
CUOXUO = —CRUOYR — CNRUOXNR- (5.43)  square minimization problem.

2 R, redundant; NR, nonredundant; O, observable; UO, unobservable.
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Standard Lagrange multipliers can solve this
minimization.

L = [OQr — Q] sz"[Qr — Q&) — 27 (crQx)-

(5.46)
LRl . . . L —
T};Le condition for optimality is that 0. 0
and §; = 0.
The answer becomes
= -1
Qr = [I — SRCR (cRsRcﬁ) CR} Or. (5.47)

This is the minimum level of data reconcilia-
tion to be performed.

5.7.2 Nonlinear Data Reconciliation

If the sampling has also given information
about components, they can be included into
data reconciliation. In addition to Eqn (5.37),
we have

CRM/‘ = 0, (5.48)

where M is the component flow of P compo-
nents mj = Qjcj; k= 1...p. Components can be
liberation classes, size classes, elements, etc.

The equation for data reconciliation now be-
comes (like Eqn (5.45))

Min{ [Qr — Qr| Tséllz [Or — Qx|

(5.49)
__ T —1/—

+ [mRr — mR]" spr[MR — mR]}
subject to the constraints cgQr = 0;crM; = 0;
Z}ilym = 0. The procedure with Lagrange
multipliers is analogous.

As it is written, Eqn (5.49) contains redun-
dant flow rates and concentrations from the
same redundant flows. However, concentra-
tions can be measured without a subsequent
flow rate measurement. These concentration
measurements can sometimes be used to obtain
flow rate values for flows that otherwise would
be unobservable. This makes the computations
complex, because the redundancy is affected.
In programs designed for data reconciliation,
this is often solved by taking into consideration

all variables. The unmeasured variables are
given a large variance. This approach can lead
to large optimization systems and numerical
problems prohibiting convergence.

For a single separator, where all streams are
measured, we can either minimize the sum of
squares of the closure residuals (to be shown
here) or minimize the sum of squares of the
component adjustments. For a steady state, we
can start by dividing the balance equation by
Qs (Figure 5.4) to get

(5.50)
The sum subject to minimization is now

cik — Cegk — (1 = Clege = 1¢.

P
S =Y (n)? (5.51)
k=1
We get as a result
P
ol D1 (Coc — cu) ok — cu) 5.52)

2
Zzzl (Cck - Ctk)

To distribute the closure errors, we can write

Afk - EAck - (1 - E)Atk = Tk. (5.53)
This can again be solved by using Lagrangian
multipliers. The Lagrangian becomes

p

L=% (A%k +A2 A%k)
k=1

p
+23 & (rk — Ag+CAg+ (1- C)Atk>.
k=1
(5.54)
Finding by derivation the minima for the var-
iables (including A) we get, after manipulation,

A Tk
fk = — —
1+C+(1-C)°
A —Erk
k= = —
c N (1- C>2 (5.55)
Atk _ 7(1 — C)I’k

140+ (1-0)
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5.8 LIBERATION

The mix of compounds in particles of various
origins, from complete devices or parts of them,
or any type of byproducts such as slag, may
vary from a single compound to a mix of several
compounds. A particle consisting of a single
compound is called liberated. A mix of two com-
pounds is called a binary, and with the same
logic, ternary particles have three compounds.

For the optimal processing of compounds,
the aim is to maximize the mass of liberated par-
ticles in a set of recycled material. As mentioned
before, it poses an optimization problem,
because breaking the material into too-fine par-
ticles causes the processes to operate under
nonoptimal conditions.

All recycled materials have a specific way of
breaking when exposed to an impacting, com-
pressing, or shearing force large enough. By
studying the progeny particles, one can form a
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model of liberation breaking. This kernel func-
tion can be determined by either textural
modeling or probabilistic methods (van Schaik
et al. (van Schaik et al., 2004), Gay (Gay, 2004)).

As pointed out by Gay (Gay, 2004), the
approach of direct liberation classes soon be-
comes numerically expensive for multiphase
particles. It can be avoided by using parent par-
ticle to progeny particle relationships by using a
liberation kernel function K.

g = ZfiKi;‘,

where f; and g; are the composition frequencies
of parent particle type i and progeny particle
type j, respectively, and Kj; is the kernel func-
tion. When the kernel is known, it can be used
to calculate the frequency distribution of type j
progeny particles originating from type i parent
particles

(5.56)

Pij = fiKi]'- (5.57)

40

35

30

25

20

15

10

O T T T T
0 10 20 30 40

FIGURE 5.10 Frequency distribution of a single property.
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Gay (Gay, 2004) proposed using the probabil-
ity entropy method to solve Eqn (5.57) under the
constraints that the original composition distri-
bution of parent particles is satisfied, the orig-
inal composition distribution of progeny
particles is satisfied, and the average mineral
composition of the resulting progeny particles
is the same as the parent particles. The con-
straints can be formulated as follows

>_pij = fi(for each i)

j
Z pij = g]-(for each )

1
> Pij(¢jm — Cim)(for each i and m)
j

(5.58)

where cjy, is the composition of the mth mineral
for the jth progeny particle and Cj, is the

composition of the mth mineral for the ith
parent particle.
He obtains as a solution

In(pii) =1 = i + A} + A3im(Cjm — Cim), (5.59)

where the Lagrange multipliers 1, A2, and A3 are
for the respective constraints.

After shredding, the frequency distribution
of a property might look like the curve in
Figure 5.10. One can see that there is a large
mass of particles that does not possess the prop-
erty, and a good mass of particles with a high
degree of the defined property.

The distribution gives the possibility of sepa-
rating the stream into a stream low in the prop-
erty and a stream rich in the property. As an
example, say, the property is aluminum (Al)

Separability
100.00
90.00 /
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(/2]
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FIGURE 5.11 Separability curve.
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mass content. We can separate an Al-rich and an
Al-poor product from the feed.

By calculating the total mass content of, say,
Al cumulatively, starting from the poorest frac-
tion, we get a curve called the separability curve,
which shows how much Alis present in the frac-
tion below a property limit (Figure 5.11). The
example reveals that 70% of Al values are parti-
cles, which carry more than 50% non-AL matter.

5.9 GRADE-RECOVERY CURVES

A relation always exists between the grade of
a separated product and its recovery (recyclabil-
ity). There are two basic reasons for that rela-
tionship. First, the liberation of particles
subjected to separation is not complete. Second,
the related response to a physical force or chem-
ical potential gradient will cause different parti-
cles to react in different ways.

A liberation-based grade-recovery curve
(Figure 5.12) can be constructed directly from
the separability curve with easy computations.
Taking the entire feed stream as a product, the re-
covery is 100% and the product grade is the same

as the feed: in our Al case, 33.7% Al. Leaving
the fractions with less than 10% Al away reduces
the mass almost to 50% according to Figure 5.10,
but only loses 5% of the Al. It also increases the
product quality to 49% Al Continuing in this
way yields a full grade-recovery curve owing
to the lack of liberation. As can be seen, with
this material a 90% Al purity product can only
be obtained with a 55% recovery.

Breaking the material into smaller particles
will improve the separability curve (Figure 5.13).
This experimental value is from the same
scrap sample but is substantially finer in particle
size.

Compared with Figure 5.11, the central part
of the curve is much flatter, indicating that no
significant mass of middling particles exists.
This leads to the following grade recovery curve
(Figure 5.14).

The recovery for a 90% pure product has
increased to 85%, a substantial improvement
in the theoretically obtainable result.

The importance of the liberation-based
grade-recovery curve depends on the property
interactions and the nature of the following
processes.
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FIGURE 5.12 Grade-recovery curve.
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FIGURE 5.13 Separability curve after further breakage.

5.9.1 Mechanical Separations

As will be discussed in more detail in the Ap-
pendix, mechanical separation is based on a bal-
ance of forces. The force for separation is chosen
according to the properties of the particles to be
separated. It can be a body force such as gravity,
centripetal force or magnetic force, or a surface
force induced by surface property modifica-
tions. This active separation force is directed
by the separator design so that the trajectory of
particles affected by the force becomes different
from the trajectory of particles not affected by
the force. Mass forces can be used to enhance
the difference in particle trajectories.

Figure 5.15 depicts a separator with a flow
from one feed point to two streams. All particles
start from the same point, but the acting separa-
tion force (lower picture) takes the particles to
the upper discharge, whereas a similar particle
without the affecting force will report to the
lower discharge.

As stated, separation is a particulate process
in which particle size, shape, and density affect
the outcome in addition to the active separation
force. For large particles, the mass forces are the
most important forces. As the mass decreases to
the third power of diminishing particle size and
area only to the second power, at some point the
surface forces will become dominant. The
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FIGURE 5.14 Grade-recovery curve after further breakage.
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smaller the particle, the more will surface forces
such as drag and viscosity and even electrostatic
and van der Waals forces affect the total force
balance. The task is to optimize particle size
for liberation and for efficient separation.

For mechanical separations, some opera-
tional deficiencies always exist owing to prop-
erty and size distributions, apparent viscosity
effects, turbulence, and boundary flows.

Any particle entering a separator will have a
probability of entering one of the product
streams. The Separation cut point is the value
of the property in which particles have an equal
probability of entering either of the two product
streams. It is often denoted as ¢59. In Figure 5.16,
the cut point density is 2705 kg/m (Heiskanen
and Laapas, 1979).

The separation efficiency curve can be calcu-
lated from reconciled data as the percentage of
the mass in each property class to report to the
chosen product. The shaded areas are misplaced
particles. Vertical shading represents light parti-
cles reporting in heavies or sinks, and the hori-
zontal shading is heavy particles found in the
light fraction. The steepness of the curve can
be used as a measure of quality, imperfection.

Y75 — Vo5
I e (5.60)
A separation efficiency curve can also be com-
puted for secondary effects. In Figure 5.16, the
substance F probability curve has a similar slope
with an offset. This indicates a slight concentra-
tion to the heavy fraction, but homogeneously.
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FIGURE 5.16 Separation efficiency curve for density (x-axis) versus probability of sinking (Tromp curve) (I = 0.023).
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Chemical methods for recycling i.e. hydro-
and pyrometallurgical recycling technology,
theory and systems are discussed in various
chapters of Part IL
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6

Recycling of Steel

Bo Bjorkman, Caisa Samuelsson
MiMeR — Minerals and Metallurgical Research Laboratory, Lulea University of Technology,

Lulea, Sweden

6.1 INTRODUCTION

Recycling of steel is a very old business, and
it should be pointed out that in most developed
parts of the world we have a very well-
developed system of scrap collectors, scrap-
processing companies and steel plants utilizing
the scrap. For the scrap-treating companies
and the steel plants, steel scrap is a very valu-
able resource. From the scrap that is collected,
losses occur to residues in the scrap processing
and in material streams that are recycled in
other metal cycles, e.g. iron units present in
scrap sorted as scrap for copper making.

Steel scrap in steelmaking is usually recycled
to either an electric arc furnace (EAF), in what
usually is labeled scrap-based steelmaking,
or to the basic oxygen furnace (BOF), in
ore-based steelmaking, where there exists a
considerable need for cooling to avoid too high
temperatures as a result of exothermic reactions.
It should be pointed out that in the steel pro-
duced in ore-based steelmaking, about 10—20%
is from scrap used for cooling in the BOF. The
world production of steel was 1547 Mt in 2012
(World Steel Association, 2013), a record high
production. Of these 29.3% was produced in

Handbook of Recycling
http://dx.doi.org/10.1016/B978-0-12-396459-5.00006-4

the EAF process. Almost all of the steel produc-
tion based solely on scrap is produced in the
EAF process. Assuming then 100% of scrap use
in an EAF and about 15% of the steel produced
in ore-based steelmaking originating from scrap
used as coolant gives about 40% of steel produc-
tion in the world based on scrap. Some references
indicate a lower value, thus indicating that in
developing countries ore is more often used as
coolant in BOF steelmaking than scrap. The share
of steel produced from scrap in Western Europe
in 2012 was about 50—55%, calculated based on
the same assumptions (Eurofer, 2013). This
figure is in good agreement with statistics on
the scrap consumption in Western Europe, indi-
cating about 55% of steel production is based on
scrap.

In addition to much lower emissions to the
environment in general, steel production in an
EAF process based on scrap contributes much
less to the emission of CO; and has a much
lower total energy consumption. The focus in
recent years has been on research toward
decreased emissions of greenhouse gases from
steelmaking in among others the European
ULCOS project (ULCOS, 2013), and in this
context a comprehensive evaluation of CO,

Copyright © 2014 Bo Bjérkman and Caisa Samuelsson.
Published by Elsevier Inc. All rights reserved.


http://dx.doi.org/10.1016/B978-0-12-396459-5.00006-4

66 6. RECYCLING OF STEEL

emissions and energy consumption in bench-
mark BOF steelmaking and EAF steelmaking
as well as for different alternative processing
routes has been presented. The benchmark
emissions of CO, from the BOF route and the
EAF route are about 1770 and 380 kg CO; per
ton liquid steel, respectively, and the benchmark
total energy consumption is about 4900 and
1100 kWh, respectively, per ton of liquid steel
(e.g. Birat et al., 2004).

Figure 6.1 illustrates the increase in world
steel production by region in recent years,
showing a drastic increase in steel consumption,
mainly driven by economic development in
China. China’s steel production has increased
from 182 Mt in 2002 to 716 Mt in 2012. About
46% of today’s world production of crude steel
is produced in China. It is important when
considering the share of steel produced from
scrap that as long as the world consumption of
steel increases in the way illustrated in
Figure 6.1, and as a majority of the steel is in

FIGURE 6.1 Crude steel produc-  kt
tion by country and region, 1980—2012
(Swedish Steel Producers Association,
2013).
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final products that have a quite long life time,
a considerable amount of the steel produced
has to come from ore-based steel production,
despite the high recycling rate of collected scrap,
cf. Table 6.1.

Figure 6.2 illustrates the use of steel split into
different product groups. The by far largest use
of steel is in construction, an application which

TABLE 6.1 Steel Industry Recycling Rates

Application Estimate Target

Area for 2007 (%) for 2050 (%)
Construction 85 90
Automotive 85 95
Machinery 90 95
Appliances 50 75
Containers 69 75

Total 83 90

From World Steel Association (2013).
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FIGURE 6.2 The distribution of steel use in emerging and advanced countries across sectors. From World Steel Association.

has a very long time in use, cf. Table 6.2, but
most of the steel applications have a quite long
time in use.

Steel stocks in use have reached saturation in
several developed countries and are not
increasing anymore, even declining in some
countries, whereas some developed countries
and most of the rest of the world still have
increasing stocks of steel in use. The saturation
level for steel stock in use is at 13 &2 t/capita
(Pauliuk et al., 2013). In China, the country

TABLE 6.2 Steel Product Lifespan (Brooks
and Pan, 2004)

Product Years
Buildings 20—60
Major industrial 40
Heavy industrial 30
machinery

Rails 25
Consumer durables 7-15
Vehicles 5-15
Steel cans <1

that showed the fastest-growing steel consump-
tion so far in this twenty-first century, consump-
tion are expected to peak between 2015 and 2020
(Pauliuk et al., 2012). As a saturation of steel
stocks in use occurs, the fraction of steel produc-
tion based on scrap can and will increase. In
2050, the share of steel produced from scrap
has been estimated as about 80% (Pauliuk
et al.,, 2012). Other estimates give a figure of
50% of the world steel production based on
scrap in 2050 (Swedish Steel Producers Associa-
tion, 2012).

Steel is an alloy and is produced into a large
variety of different alloys depending on the
application intended for the steel, usually
divided into what is labeled low-alloyed steel
and high-alloyed steel. Depending on the alloy,
steel contain alloying elements like manganese,
nickel, chromium, tungsten, titanium, niobium
etc., in varying amounts, for high-alloyed steels
is from 1% and upward. The alloys are often
added as ferroalloys, by which is meant an alloy
comprising iron and the alloying element. Fer-
roalloy production almost always consumes
more resources than iron production, and green-
house gas emissions are, for example, 2—20
times higher for the ferroalloys than for iron.

II. RECYCLING — APPLICATION & TECHNOLOGY
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One type of high-alloyed steel is stainless steel,
based on the noncorrosive properties that chro-
mium and nickel introduces to the steel. The
simplest stainless steel grade is composed of
18 and 8 wt% of chromium and nickel, respec-
tively, but the chromium content is in some
grades much higher and stainless steel is also
usually alloyed with Mo, W, Mn etc.

6.2 SCRAP PROCESSING AND
MATERIAL STREAMS FROM
SCRAP PROCESSING

6.2.1 Scrap Classification

Scrap used can be of several different ori-
gins, as illustrated in Figure 6.3. Home scrap
is the scrap that emanates from recycling
within the plant, e.g. reverts from the furnace
surrounding, from ladles, from separation of
metals contained in slag, melts that has to be
recycled due to some specifications that are
not fulfilled as well as pieces cut off during
heat treatment, rolling and finishing of the
products. This type of scrap is usually well
sorted into different qualities and with low
content of impurity elements, raising the pos-
sibility of recycling the scrap back to the pro-
duction of the same steel quality.

Manufacturing scrap is the scrap coming
from the manufacturing of the consumer goods;
it can be very well sorted and of high purity and
definitely has the potential to be so. Old scrap or

1/

l—l 2/
v

Metal

production —’| Manufacturing L.‘ Use |
3 Lcmolion > Dismantling/

Sortin -
i N ] e Fwtii
sherdder components

FIGURE 6.3 Scrap recycling. Labels indicates 1/home
scrap, 2/manufacturing scrap and 3/old or obsolete scrap.

obsolete scrap is the scrap coming from spent
consumer products or other origins, as collected
by the scrap dealers. The scrap is generally
sorted into different scrap categories depending
on composition and size of the scrap as illus-
trated in Table 6.3.

As mentioned earlier, steel has a high recov-
ery of collected scrap. However, as also is
obvious from the sorting specifications given
in Table 6.3, the steel scrap is very seldom sorted
into different alloys, thus the recovery of alloy-
ing elements into the same type of steel is
much lower.

6.2.2 Scrap Processing

Larger scrap from, e.g. cars, white wares and
WEEE, is usually treated in a shredder, cf.
Figure 6.4, where the scrap is fragmented into
smaller pieces with the aim of obtaining
different materials in separate pieces to facilitate
sorting. A typical process scheme for the
upgrading and sorting of different materials
from the shredder is given in Figure 6.5.

The steel scrap is loaded into the shredder and
fragmented into about hand-sized pieces. Very
small and light particles, mainly with organic
content, is pneumatically conveyed and
collected as a dust. The material then passes a
number of separation steps, at a minimum con-
sisting of magnetic separation, sieving and air
separation, whereby the majority of the steel is
collected in the magnetic fraction, nonferrous
metals are collected in the nonmagnetic fraction
and very small and light particles are separated
from the scrap fractions. These process steps
can then be complemented with a number of
different separation steps to improve the sorting:
density separation, weak magnetic separation,
eddy-current separation, hand sorting, auto-
matic sorting based on color or physical proper-
ties, etc.

Typically the material coming from the
shredder is not completely separated. Pieces
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TABLE 6.3 European Steel Scrap Specifications (Eurofer, 2013)

Impurity Content

Category Specification Density Cu Sn Cr, Ni, Mo

Old scrap E3 >0.6 <0.250 <0.010 >°<0.250
El >0.5 <0.40 <0.020 3°<0.30

New scrap E2 >0.6 <0.30

Low residuals E8 >0.4 <0.30

Uncoated E6 >1 <0.30

Shredded E40 >0.9 <0.250 <0.020

Steel E5H

Tunings E5M <0.40 <0.030 <1

High residual EHRB >0.5 <0.450 <0.030 $2<0.350

Scrap EHRM >0.6 <0.40 <0.030 > <10

Fragmented, from incineration E46 >0.8 <0.50 <0.070

Affald

4 vy ¥ \ g

Neddelt affald
FIGURE 6.4 Schematic illustration of a shredder.

with steel together with copper, aluminum or
other metals are quite common (e.g. van Schaik,
2004; Reuter et al., 2005, van Schaik et al. 2002),
and depending on the sorting process a piece
with, e.g. steel together with copper, might either
end up in the steel or copper material after sort-
ing due to inappropriate liberation in the shred-
ding or due to inappropriate particle size for the
separation process used. Copper content in steel
scrap is one thing that limits the possible steel
qualities that can be produced, an issue that
will be further discussed in Section 6.5. For the
moment we can simply just note that the require-
ments on impurity content in the final steel is
very much dependent on the steel quality pro-
duced, from above 0.3% Cu to below 0.1% Cu
for different steel grades. Therefore, the tradition
has been that steel qualities with very low limits
on copper content, which usually also have a
higher price, are produced in ore-based steel-
making, the ore usually having low copper con-
tent. Copper content in steel scrap from a
shredder plant has been about 0.25% to 0.3%
and rising. An interesting observation is that
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FIGURE 6.5 Typical process scheme for sorting of material from a shredder into different material categories. From wwuw.

moritall9.com.

shredded steel scrap in Sweden has decreasing
copper content nowadays, about 0.22% Cu,
because the copper has become very valuable,
therefore giving an incentive for handpicking
of larger copper pieces present in the steel scrap.

Equipment for sorting of scrap based on
properties such as color and magnetic proper-
ties is already on the market and is to some
extent also used by the scrap-treating com-
panies. An alternative is sorting based on the
chemical composition as determined, e.g.
through spectroscopic techniques. Scrap sort-
ing of aluminum using laser induced break-
down spectroscopy (LIBS) has already proven
to work very well (Gesing et al., 2003; Aydin
et al,, 2004). The use of the same technique
for sorting of steel scrap has been tested
recently in a research project within the Steel

Eco-Cycle program in Sweden (Gurell et al,,
2012). The technique has proven to be feasible
to rapidly determine different type of steel al-
loys and works well as an aid at the scrap
yard to determine the exact use of different
scrap deliveries to optimize the use of alloying
elements and not risk contamination by un-
wanted impurities. The technique is still too
slow for use as an online sorting aid at a
conveyor belt in a shredder plant.

6.3 THE PROCESSES USED
FOR SMELTING STEEL SCRAP

Figure 6.6 illustrates the process scheme for
production of steel from both ore and scrap.
Scrap-based steelmaking is almost 100% based
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Iron ore-based production

ALl A

Coal Coking plant Iron ore

. In ot
Finished steel q
(plate, coil, bar,
tube, wire, etc)

Hos. . @,
O

Hot and cold working

‘ ' Hot metal @

Blast furnace

<o

Scrap-based
production

Oxygen converter

‘_
i =

crude / Continuous Ladle metallurgy Electric arc Scrap
steel Semis  casting furnace

Ingot casting

FIGURE 6.6 Schematic process scheme of steelmaking based on ores or scrap (Swedish Steel Producers Association,

2011).

on smelting the scrap in an EAF, cf. Figure 6.7,
where electricity is used as energy source for
the smelting. Development of the process with
slag foaming through injection of a carbon
source and oxygen, oxygen lancing, preheating
of the scrap, bottom tapping, cocombustion of

Arc

fuel in burners, etc. has led to a substantial
decrease in energy consumption and also has
added some flexibility in the use of energy
source. Depending on the actual processing
technology, electricity consumption for smelt-
ing steel scrap in a modern EAF is in the range

=
—<}—— Electrodes
Furnace
roof

Tapping over
mouth

Induction
stirring

Slag
port

FIGURE 6.7 Principals of an Electric Arc Furnace (EAF) for smelting steel scrap.
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of 400—450 kWh/t steel. Slag formers are added
to take up some of the impurities coming with
the steel. The steel is then refined in ladle
furnace processes, casted, rolled and finished.
A recent trend is that also within scrap-based
steelmaking in an EAF, more and more virgin
iron units are used, in the form of direct
reduced iron (DRI) or hot briquetted iron
(HBI), which will be discussed further in Sec-
tions 6.7 and 6.8. The furnace can either be oper-
ated on AC current with three electrodes, which
is the dominating alternative and also the
version illustrated in Figure 6.7, or operated
on DC current with one electrode.

The EAF is a very efficient smelting unit but
not a very good reactor type for carrying out
refining reactions or for adding large amounts
of nonmetallic material. Scrap smelting in an
EAF is thus dependent on subsequent refining
to give a high-quality steel.

Ore-based steelmaking, cf. Figure 6.6, is usu-
ally based on a sintered ore and coke charged to
a blast furnace (BF), where the iron oxides in the
ore are reduced to metal. As the material in the
blast furnace is always in contact with carbon in
coke, the hot metal tapped from the blast
furnace will be almost saturated with carbon,
typically about 4.5 wt% carbon in hot metal.
Some tenths of a percent of silicon will also be
dissolved in the tapped hot metal.

After tapping from the blast furnace, the hot
metal is usually refined at least from sulfur,
sometimes also from phosphorus. The refined
hot metal is decarburized with pure oxygen in
the converter, usually a BOF. Reactions taking
place are:

[Si]pe + O2 = SiOy(slag) 6.1)
[Clge +1/20, = CO (g) 6.2)
Mn]g, +1/20; = MnO (slag) 6.3)
Fe +1/20, = FeO (slag) (6.4)

All these reactions are exothermic, generating
a lot of heat. Silicon content in the metal will
very rapidly decrease to almost zero, whereas
carbon content decreases during the whole

blow, until the blow is stopped at about 0.05%
C left in the steel. Oxidation of Mn and Fe is of
course only partial. Hot metal from the blast
furnace usually has a temperature of about
1300—1400 °C when it arrives at the converter.
As a consequence of the heat evolution from
the exothermic reactions, large quantities of
coolant have to be added to ensure that the tem-
perature is not raised above approximately
1700 °C. Coolant is either ore or scrap. If scrap
is used as coolant the amount added is usually
in the range 15—20% of the amount of steel pro-
duced. Since the volumes of steel produced in
the BF—BOF route are large, the amounts of
scrap consumed within what is usually labeled
ore-based steelmaking are quite large.

Stainless steel is produced in a process flow
similar to the process route illustrated in
Figure 6.6 for producing scrap-based ordinary
steel except for one important difference. Most
stainless steel produced in the Western world
is based on scrap melted in an EAF, but because
the amount of stainless steel scrap not is enough,
also ordinary steel scrap has to be used. The lack
of alloying elements such as chromium and
nickel in the latter makes it necessary to alloy
with ferrochromium and ferronickel or pure
nickel. Carbon is then introduced with the fer-
roalloys and a refining step using oxygen to
convert carbon into CO(g) has to be introduced,
often carried out in an Argon Oxygen Decarbu-
rization (AOD)-converter. Stainless steel can be
either ferritic or austenitic, a difference that can
be of large importance for recycling, as dis-
cussed further in Section 6.4.

6.4 TRENDS IN QUALITY
OF THE SCRAP AVAILABLE
FOR STEEL PRODUCTION

Steel is produced in a large number of
different alloy compositions containing
different amount of alloying elements like Cr,
Mn, Nb, B, V, etc. In the final product the steel
may be provided with a coating of zinc,
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pigments etc. The share of coated steel pro-
duced is globally increasing, resulting in an
increasing amount of recirculated scrap with
different types of coatings. The scrap used in
steel making tends therefore to be a more com-
plex material. In conventional scrap melting
processes (steel converters or EAF’s), some of
the impurities evaporate and leave the process
with the off-gas and with particulate matter
and are collected in the gas cleaning. Others
either are oxidized and report to the slag or
are dissolved in the steel, or both.

The average North American car today con-
tains not only more of metals other than steel
(Al, Mg, Cu) and more of other materials but
also more of speciality alloyed steels, as shown
by the difference in composition when data for
1975 and 2007 are compared, cf. Figure 6.8
(Bevans et al., 2013). As can be seen, the share
of steel present as mild, low-alloyed steel has
drastically decreased. Projections from the auto-
motive industry indicate that the advanced
high-strength steels will account for up to 65%
of the vehicle’s body and structure by 2020 (Bev-
ans et al., 2013). Some of these steels can contain
as much as up to 24 wt% Mn and 6 wt% Al. To
be able to also recover the alloying elements
with high efficiency will then be of utmost
importance.

50 +

30
20 -

73

From 1992 to 2001, the generation of steel
packaging increased by 22% in the EU, and an
increasing part is recycled (Baeyens et al,
2010). In 2007, the amount of steel used for pack-
aging in EU was slightly less than 5 Mt. The steel
used for packaging is mainly of two types: steel
coated with a very thin layer of tin or steel coated
with chromium and chromium oxide. Both types
can also be combined with a polymer film.

When stainless steel is recycled through a
shredder plant, the ferritic part of the stainless
steel will be collected with the ordinary carbon
steel scrap because ferritic stainless steel is mag-
netic. Whereas the recovery rate of austenitic
stainless steel can be expected to be high,
much of the ferritic stainless steel will be recov-
ered as carbon steel scrap. Oda et al. carried out
an analysis of the substance flow of chromium
in steel in Japan and predicted that the mean
chromium content in EAF carbon steel will
gradually increase and reach 0.24% in 2030
(Oda et al., 2010).

Zinc present as a coating on steel will during
melting at reducing conditions evaporate and is
collected in the gas cleaning and is not any prob-
lem for steel quality. Provided that the zinc con-
tent in the dust collected is high enough, the
dust is a raw material for extraction of zinc in,
e.g. Waelz-kilns and fuming furnaces. In the

FIGURE 6.8 Material composition
(wt%) of an average North American
vehicle from 1975 to 2007. Adapted
from Bevans et al. (2013).
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ore-based steel industry, on the other hand, the
share of scrap used is lower, and the zinc con-
tent is not at a level where extraction of zinc is
economically feasible. In this case, the zinc con-
tent becomes an obstacle for internal recycling
of dust and sludge to the blast furnace, which
cannot tolerate high zinc loads.

6.5 HINDRANCES FOR
RECYCLING—TRAMP ELEMENTS

6.5.1 Definition of Tramp Elements

Tramp elements are those elements that are
present in steel, but usually not intentionally
added, and are difficult to refine from the steel,
and therefore will be kept in the steel cycle once
entered, coming back over and over again when
steel is recycled. Some of these have detrimental
effects on the steel properties, others being
alloying elements for some steel grades, but
not for all. As iron is a quite un-noble metal,
not as e.g. aluminum, but still, the iron will react
with a refining agent before the tramp element
reacts, thereby making refining from these ele-
ments difficult. For the elements defined as
tramp elements no commercially feasible
refining processes exist today. Figure 6.9 illus-
trates common elements in steel, how they are

used and controlled and which ones that usu-
ally are referred to as tramp elements.

Sources for tramp elements can be many, ore,
scrap, reductants used, fluxing agents or coming
with alloying additions. Usually the ore used
has much less impurity content than the scrap
used, although depending of the ore, some im-
purities may come with the ore, like Cr, As
and Cd. The behavior of several impurity and
tramp elements during oxidation in, e.g. the
BOF process, is illustrated in Table 6.4 (Vallomy,
1985).

As Figure 6.9 shows, some of these elements
are added intentionally as alloying elements in
certain steel grades, like Mo, Cr, Ni and Cu,
but are detrimental for the quality of the steel
in other steel grades or are lost to the slag in
the processing of another type of steel grade.
Low-alloyed steel is often produced by melting
the scrap in quite oxidizing conditions, resulting
in a substantial loss of chromium to the slag
even when chromium-containing low-alloyed
steel is produced. Stainless steel can either be
ferritic or austenitic stainless steel or both, and
as ferritic stainless steel is magnetic it will report
to the ordinary carbon steel fraction during sep-
aration after shredding. In the upgrading from a
shredder plant, steel scrap is not sorted to any
larger extent than into an ordinary steel fraction
and a stainless steel fraction. Also, in the

-Tramp element

Alloying element

Aloal T T T T T 1 [ ] mAJvATvA [via]via] vii
H He
Li | Be Ne
Na [ Mg Ar
K | Ca| Sc | Ti V Mn | Fe Kr
Ro [ Sr | Y | Zr | Nb Tc | Ru Xe
Cs|Ba| La|Hf | Ta| W ]| Re [ Os Rn
Fr | Ra | Ac

Gas dissolved in steel - Dissolved in steel,
can be controlled

B Alloying element that also is a tramp element, depending on steel grade

FIGURE 6.9 Common elements in steel, how they are used and which ones that are referred to as tramp elements.
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TABLE 6.4 Distribution of Some Common Alloying, Impurity and Tramp
Elements to Different Phases During Decarburization of Steel

To Bath

To Gases

Partially

manufacturing industry, it is very seldom that
the scrap is sorted into various types of alloys
and depending on the content of alloying ele-
ments. This means that in addition to containing
tramp elements that have detrimental influence
on the steel quality, alloying elements valuable
in the production of some steel grades might
get lost.

6.5.2 Influence on Steel Quality by
Tramp Elements

Copper is known to induce surface cracks
during hot rolling if reheating is carried out in
oxidizing atmosphere (Vallomy, 1985), at con-
tents above 0.15% (Marique, 1996). Presence

of Sn has the same effect at a content higher
than 0.05 wt% and a combination of Cu + Sn en-
hances the effect. The presence of these elements
is also responsible for an increased probability
for transverse cracking during continuous cast-
ing (Mintz, 1999). The mechanism of crack for-
mation due to copper is due to a preferential
oxidation of iron at the surface and liquid cop-
per precipitating at the steel surface when the
copper content in remaining austenite exceeds
the solubility limit. The liquid copper is wetting
the iron and thus easily penetrates into the
austenite grains, giving rise to the cracks (Kaji-
tani et al., 1996). By increasing the Sn content,
the domain of liquid phase is widened, which
is why Sn increases the probability of crack for-
mation (Yamamoto et al., 2006). Marique (1996)
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showed that the rejection rate due to crack for-
mation during wire rod rolling was drastically
increased at copper content above 0.15%. The
crack depth was shown to increase with
increasing reheating temperature above
1000 °C and increasing copper content (Kajitani
et al.,, 1996). Decreased silicon content in the
steel also increases the upper temperature limit
for crack initiation (Kajitani et al., 1996). Calvo
et al. (2007) have shown that the width and
depth of the cracks depend on both the reheat-
ing cycle and the as-received condition, i.e. the
condition from the caster.

Several tramp elements have a negative effect
on cold forming and cold drawing, e.g. Sn, Cu,
As and Cr. The upper limit for copper and tin
for deep drawing grades is 0.1 and 0.02%,
respectively (Vallomy, 1985). Ductility deterio-
rated when testing was performed in oxidising
atmosphere (Mintz et al., 1995) and it was pro-
posed that observed precipitation of CupS was
responsible and that an equal amount of nickel
could prevent this from happening. In inert at-
mosphere the influence of Cu on hot ductility
is confusing, with no clear conclusions. Another
phenomenon reported is that increased nickel
content has been shown to reduce the scale
removability from rolled steel (Asai et al., 1997).

These are only a few examples, and excellent
reviews of the existing knowledge on influence
of tramp elements on steel properties can be
found in the literature (e.g. Vallomy, 1985;
Marique, 1996; Herman and Leroy, 1996, Mintz
and Crowther, 2010).

6.5.3 Importance of Tramp Elements
for a Sustainable Recycling of Steel

There was much focus on tramp elements in
steel, especially during 1980s and 1990s, but
not as much later on. This period was character-
ized by stagnant level of world steel production
and a rapidly increasing share of steel produced
from scrap. Scrap sorting and knowledge about

the rate for accumulation of tramp elements
was not very well developed and hence steel
producers looked on increasing levels of e.g.
copper in the steel scrap with fear. In this cen-
tury steel production has increased rapidly
and hence a larger potion of steel is produced
from ores. Scrap sorting has become more effi-
cient, and the increased prices for metals like
copper has even made hand-picking of larger
copper pieces from the steel scrap on the
conveyor belt in the shredder plant economi-
cally feasible. Thus, e.g. copper content in the
shredded scrap has not continued to increase
but instead decreased on average. Nevertheless,
scrap-based steel producers sometimes need to
dilute the steel scrap with virgin iron units
from HBI or DRI, if they are producing steel
grades with very low tolerance for tramp ele-
ments. If and when the world once again comes
into a situation with small or no increase in the
consumption of steel and the share of scrap-
based steelmaking is increasing, the question
of how to handle the tramp elements will once
again be of fundamental importance for sustain-
able recycling of steel.

6.6 PURIFICATION OF SCRAP

6.6.1 Dezincing of Galvanized Scrap

Two main principles are used, leaching and
thermal treatment. Leaching in both acid solu-
tions (HCl, H;SO4) and in basic solution
(NaOH) is discussed in the literature (Sen and
Roy, 1975; Niedringshaus et al., 1992; Koros,
1992; Rome, 1992; ljomah and Ijomah, 2003).
When removing zinc at high pH, Zn is trans-
ferred to Zn* and recovered either in the form
of sodium zincates (NaZnO; or NaHZnO,)
precipitated from a saturated solution or zinc
recovered by electrolysis. In acid leaching, zinc
is recovered via a saline solution of Zn(NO3),,
ZnSQy, or ZnCly. Leaching at high pH is a selec-
tive process which not affect the iron, but is a
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time-consuming process, while acid leaching is
less selective but much faster. Since leaching is
a surface reaction, the surface area available be-
comes important and the leaching proceeds
much faster for shredded scrap than for bun-
dles. A leaching process with a treatment time
of 6 h at high pH with high, >90%, recovery of
the zinc through electrolysis was described by
Niedringshaus et al. (1992). Formation of cya-
nide was indicated as one possible problem.
One commercialized process, the Meretec pro-
cess, is based on this concept. The concept is
said to be competitive and fully functional.

Several studies describe thermal treatment of
scrap. The possibility of evaporating Zn, Ni, Cr
and Sn from coated materials using chlorine is
one alternative (Dapper et al.,, 1978). Because
ZnCl, is more stable than FeCl, and the ZnCl,
is much more volatile, a selective evaporation
of Zn can be obtained as long as there is metallic
Zn present. Rinsing of noniron oxides and
metals using HCl from the combustion of PVC
has been described by Fray (1999). Tee and
Fray have shown that to selectively evaporate
compounds in the coatings oxychlorination
with controlled ratio of O:Cl, in the gas mixture
is necessary (Tee and Fray, 1999a,b; Tee and
Fray, 2005). Zn boils at a temperature of
906 °C, and it has been shown that vaporization
of zinc in CO/CO; and N, gas mixtures is very
rapid and almost complete at temperatures
higher than 850 °C (Ozturk and Fruehan, 1996).

Another alternative for removing highly vol-
atile compounds present in coatings on steel is
vacuum treatment. A method to clean scrap by
heating and vacuum treatment was suggested
by Okada et al. (1995). High removal efficiency
was obtained already at 700 °C as compared to
preheating with CO/CO; gas mixtures. Almost
97% zinc recovery was achieved.

Steel scrap is often preheated before charging
to the EAF. This has several purposes: (1) to
decrease the meltdown time in the EAF, (2) to
remove water and especially in cold climates
to remove ice, which otherwise can result in

violent gas explosions and (3) if waste heat can
be used, this will result in an overall saving of
the energy need. However, the presence of halo-
gens and organic matter together with the scrap
may result in the formation of dioxins and fu-
rans and therefore preheating temperature is ac-
cording to regulations in e.g. Sweden limited to
300 °C in conventional scrap preheating equip-
ment. Possibilities to increase the scrap preheat-
ing temperature to temperatures where a
simultaneous evaporation of e.g. zinc can be ob-
tained would have many benefits for the steel
industry. This concept has been studied by Lars-
son et al. (2012) in a project in the Swedish
research program “The Steel Eco-cycle” (Steel
Eco-cycle, 2013) and is also part of an ongoing
European research project financed within
RFCS (Research Fund Coal and Steel).

The idea is to separately combust energy-
containing waste as auto shredder residue
(ASR) with oxygen. The hot gas is used for pre-
heating scrap. Off-gases from this preheating
are partially recirculated and mixed with gases
from the combustion to control the temperature
of the hot gases entering the scrap preheating,
but also giving enough gas volumes to ensure
rapid enough preheating. Preheating of the
scrap is controlled at <900 °C in a separate shaft
reactor. Exhaust gases are cleaned and chlorides
are captured.

Results from the small-scale tests showed
that chlorine-rich gases, e.g. exhaust gases,
from ASR combustion can be a suitable gas for
cleaning and preheating scrap (Larsson et al,,
2012). Pilot tests have shown that it is possible
to achieve a uniform scrap preheating at
650 °C, where the zinc removal efficiency is
high. Preheating to 650 °C generates a metal
loss of less than 1%. The process concept,
including oxyfuel combustion, dedicated gas
scrubbing and exhaust gas recirculation, has
been proved. The low gas volumes and low
amount of gas vented to the surrounding will
allow for treatment of the gas and the removal
of harmful elements in a cost-efficient manner.
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A number of different methods to remove zinc
from surface coatings of steel have been pro-
posed during the years but very few have yet
reached a commercial stage. For new methods
to be commercially introduced, they have to be
cost-competitive with the traditional way of
dealing with zinc in steel scrap, namely the pro-
cessing of zinc rich dust from the EAF in Waelz
kilns, the dominant process route, or, e.g. in a
zinc fuming furnace. The low zinc content in
the dust from ore-based steelmaking makes it
very expensive to send the dust for zinc recovery.
The strategy for many ore-based steel producers
has therefore been to purchase only comparably
clean scrap as coolant. Market shortness of clean
scrap in the future would perhaps make the ore-
based steel industry interested in scrap rinsed
from zinc, if the prices can be comparable with
the cost for use of ores as coolant.

6.6.2 Detinning of Steel Scrap

Electrolytic detinning of tinplate scrap has
been in commercial use for a long time. Scrap
pressed into bundles serve as anodes immersed
in a caustic soda bath at about 85°C. Tin is
deposited on a steel cathode as a sponge mate-
rial, which is scraped off (Savov and Janke,
1998). The tin content in the steel is below
0.02 wt% after this processing. The process re-
quires rather large volumes to be economical
and is claimed to be suitable only for prompt
scrap. Because the process is a surface process,
it will be applicable only where tin is present
as a surface coating. A proposed alternative
method for detinning tinplate scrap has been
to react the surface with a sulfur-containing
gas at moderate temperature to form a tin sul-
fide layer. The tin content in the steel could be
decreased to levels of about 0.1 wt% from above
0.3% originally. At higher temperatures the
diffusion of tin from the surface layer and into
the steel becomes fast and limits the possibilities
for detinning based on surface reactions. Other

proposed methods include selective evapora-
tion or by oxidizing (Savov et al., 2000).

6.6.3 Others

It is technically and sometimes also econom-
ically quite possible to refine steel from metals
or impurities present as a surface coating using
leaching or evaporation techniques because
these methods are acting on the surface. For im-
purities or tramp elements present in the steel
alloy, it is a different question. Although some-
times detrimental for the properties of the steel,
the content in the steel is low, a few hundredths
up to a few tenths of weight percentage, and
thus they have a low thermodynamic activity.
Furthermore, iron is sometimes the least noble
metal. Both factors make it difficult to find a
suitable reagent. In addition, steel has a compa-
rably low value per tonne and the volumes of
steel scrap are huge in comparison with other
metals, necessitating a refining concept to be
very cost effective.

Many different processes for refining steel
from copper have nevertheless been proposed,
including dissolution in a solvent like Al, Pb,
sodium sulfide—iron sulfide, soda-iron sulfide
or aluminum sulfide—iron sulfide, reacting
with a chlorinating agent or vacuum treatment
of the steel. The thermodynamics of the removal
of tramp elements from steel scrap was evalu-
ated by Tsukihashi (2003). The conclusion was
that calcium—metal halide fluxes have an excel-
lent refining ability. No figures were given on
the amount of different tramp elements that
possibly could be removed. None of these
suggestions have, however, reached a commer-
cial stage. Several aspects of tramp element
control in steel have been studied by a group
of steel producers and research institutes in
the European Union (Boom and Steffen, 2001).

To give one example, the high distribution of
some impurity elements to a lead phase in con-
tact with a carbon-containing iron phase could
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be utilized (Yamaguchi and Takeda, 2003a,b). A
miscibility gap exists between an iron phase
with  95.4%Fe—4.5%C—0.1%Pb and 99.9%
Pb—0.1%Fe. Copper, tin, zinc, gold, silver and
palladium are primarily distributed to the lead
phase. An equal amount of iron and lead makes
70% of the copper and tin contained in the iron
to report to the lead phase. The temperature for
the study was 1453 K. The quite high amount of
lead needed to dissolve a considerable amount
of copper and tin makes such a process depen-
dent on the value of recoverable noniron ele-
ments, not only for the purpose of cleaning the
steel scrap.

6.7 TO LIVE WITH IMPURITIES

In a world with an increased share of steel
produced from scrap, the issue of the impurity
content in the scrap will be of high importance.
The question is illustrated in Table 6.5 showing
the typical content of impurity elements (given
as the sum of content in wt% of the elements
Cu, Sn, Ni, Cr, Mo) in different types of raw
materials, as well as the limits for the content
of these impurity elements for the production
of different type of steels.

Although these data are somewhat old and
the separation processes at the shredder plants
and the sorting of scrap have improved, they
illustrate that it is difficult to produce all steel
grades based on 100% of scrap, if the scrap is
not well sorted before it enters a shredder plant.

That is also the reality for scrap-based steel
producers in the business sectors for high-
quality sheet products, speciality tools and ma-
chinery as well as scrap-based production of
iron powder. They are all dependent on having
access to a very well sorted scrap, usually home
or manufacturing scrap, and to a much lesser
extent on obsolete scrap. If well-sorted scrap
not is available to affordable prices, ore-based
iron units suitable for charging to an EAF is their
only alternative today.

TABLE 6.5 Typical Content of the Impurity Elements
Cu, Sn, Ni, Cr, Mo (Given as the Sum of
These Elements in wt%) in Different Type
of Raw Materials for Production of Steel
and the Requirements for Production of
Different Steel Grades

Total Impurity Content
in wt% (Sum of

Raw Material Cu + Sn + Ni + Cr + Mo)

Direct reduced iron 0.02
Pig iron 0.06
No. 1 factory bundles 0.13
Bushelling 0.13
No. 1 heavy melting 0.20
Shredded auto scrap 0.51
No. 2 heavy melting 0.73
STEEL GRADE

Tin plate for draw and iron ~ 0.12
cans

Extra deep drawing quality  0.14
sheet

Drawing quality and 0.16
enameling steels

Commercial quality sheet 0.22

Fine wire grades 0.25
Special bar quality 0.35
Merchant bar quality 0.50

Adapted from Vallomy (1985).

6.8 MEASURES TO SECURE
SUSTAINABLE
RECYCLING OF STEEL

Steel is, based on volume, the most recycled
metal, and there exists a well-functioning busi-
ness structure for the recycling of steel. Losses
are inevitable in the processing and handling
of any metal. Losses occur to byproduct
streams and waste in the processing (slag,
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dust, sludge) and into other material cycles,
material fractions aimed for energy recovery
or into waste that is landfilled. These losses
can and will be decreased as technology de-
velops and as awareness of the issue grows
among all the stakeholders involved in the pro-
duction of products, from designers to manu-
facturers. The amount of collected steel that is
lost from the recycling cycle is nevertheless
probably small in comparison with the total
production. Not at least if metal prices increase
in comparison with the living standard, what is
worth recycling will be recycled. If and when
the increase in world consumption of steel de-
creases, there will be greater possibilities of
producing a large amount of the steel from
recycled scrap.

The largest question for the steel and scrap
processing industry in order to obtain long-
term sustainable steel recycling is perhaps the
question of scrap quality and avoiding quality
losses when recycling steel. As the share of steel
produced from ore has increased in the last
decade, accumulation of tramp elements has
not been an issue of high importance recently,
but it is an issue that will have to be tackled in
the future.

Several actions can be taken to minimize the
detrimental effects of tramp elements:

Design for recycling

Improve sorting at the shredder plant
Improve processing at the steel plant

Live with impurities based on development
of new alloys

Dilute scrap with ore-based iron units

e Improve the understanding of steel flow in
the society

Design for recycling. By proper choice of mate-
rials placed together in different parts of a con-
struction and by the choice of fittings between
different materials, it is possible to ensure a
good separation of crucial parts, by manual
dismantling or in the following shredding and
processing of the scrap (Reuter et al., 2005).

Although design for recycling has been on the
table within the research communities dealing
with sustainability and recycling for long time,
the impression is that the issue has not yet really
reached the designers and construction engi-
neers. Issues on appearance, functionality and
manufacturing are still considered more
important.

Improved sorting at the shredder plant. Tech-
niques for sorting of scrap where physical prop-
erties or composition is utilized have been
developed and new techniques will surely
emerge. Hitherto, more advanced sorting tech-
niques have not been implemented at larger
scale, possibly because the steel producers are
not willing to pay for the extra cost through an
increased scrap price and also because the
need has not been there, as “pure” ore-based
iron units are cheaper. Rem et al. (2012) has
shown by the introduction of a shape-sensitive
magnetic separator that it is possible to pre-
sort scrap into two products. One product is a
bulky, thin-walled steel fraction of high purity,
the other a volumetrically small flow of heavy
parts containing the contaminants. The latter is
very well suited for cost-effective hand sorting
or sensor sorting.

A better knowledge of the composition of the
scrap will increase possibilities to utilize the
scrap for production of the same type of alloy,
thereby not only securing the recycling of iron
units but also securing a better utilization of
the alloying elements and decreasing the losses
of the same.

Improved processing at the steel plant. Direct cast-
ing of thin strips or in-line strip production (ISP)
is a technique that will give higher tolerances for
impurity elements such as copper due to a faster
cooling and making a reheating procedure un-
necessary (Arvedi, 2010; Spitzer et al., 2003).

However, as long as not all steel would be
produced in these new thin-strip casting pro-
cesses, steels produced with higher content of
e.g. copper would have to be kept in a separate
recycling loop.
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To live with impurities through development of new
alloys that can accept a higher content of impurity
and tramp elements. Although introducing detri-
mental properties in many steel grades with the
present processing of steel, some of the tramp el-
ements are also used as alloying elements for
some steel grades to improve corrosion resistance
and enhance the mechanical properties.

It is possible to improve the properties of
steel by precipitating nanoscale copper sulfides
(e.g. Liu et al., 2006, 2007, Yamamoto et al.,
2006) through a rapid solidification and/or con-
trolling the balance between Cu, S and Mn con-
tent or by adding phosphorus, which promotes
precipitation of copper sulfide from ferrite
instead of from austenite and suppresses precip-
itation of MnS at higher temperature. Precipita-
tion of copper sulfide is preferable compared to
MnS. From a steel recycling point of view, it
must, however, be noted that the copper content
in the alloys studied is low, below 0.1 wt%. In
extra-low-carbon titanium added interstitial
free steel sheet, Cu is the useful alloying element
for increasing hardness. Addition of Cu or
Cu + Ni at a level of 0.5 and 0.4 wt%, respec-
tively, has been shown to increase the volume
fraction of retained austenite and to improve
elongation and the strength ductility balance
(Kim et al., 2002, 2003).

As pointed out regarding ISP technology, if
the new alloys developed contain substantial
amounts of tramp elements and as long as
many steel grades require a very low content
of tramp elements, it has to be possible to keep
these steels in a separate recycling loop by
well-functioning collection and sorting.

Dilution of scrap with ore-based iron units. The
last choice will, as it already is, be to dilute
impure scrap with ore-based iron units pro-
duced in the form of DRI or HBL

Finally, an improved understanding of steel
flows in the society, on a steel grade level, would
give us a tool to model the possible accumula-
tion of tramp and impurity elements depending
on reasonable scenarios for future economic and

technological development. Many Material
Flow Analysis (MFA) and Substance Flow Anal-
ysis (SFA) studies of the steel flow have been
carried out, but very few on steel grade level.
Some exceptions exist (e.g. Oda et al., 2010)
where the recycling of different types of stain-
less steel was analyzed.
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7

Copper Recycling

Caisa Samuelsson, Bo Bjorkman
MiMeR - Minerals and Metallurgical Research Laboratory, Lulea University of Technology, Lulea, Sweden

7.1 INTRODUCTION

Copper is a metal that is used in many appli-
cations such as electric and electronic equip-
ment, automobiles, and plumbing because of
its properties. Copper has a high thermal and
electric conductivity and is relatively corrosion
resistant. It can be alloyed with, e.g. Zn, Sn or
Ni, forming brasses and bronzes. The use of
copper is, however, not exclusive to our modern
society; traces of copper usage can be traced as
far back as 7000 BC It is also claimed that copper
was the first metal to be extracted through a
metallurgical process (in Asia around 4000
BC). In principle copper can be recycled
endlessly without loss of quality. However,
some elements integrated in products with cop-
per may cause problems for both processes and
products, for example, antimony (Sb) and
aluminum (Al).

The increasing amount of more complex
scrap as well as the fast changes in material
composition in some products are a challenge
for recycling. In addition, copper ores tend to
have an increased complexity. Understanding
metallurgical phenomena is one of the key is-
sues in meeting the demand for an increased
recycling and sustainable copper extraction.

Handbook of Recycling
http://dx.doi.org/10.1016/B978-0-12-396459-5.00007-6

Recycling is an important part of the supply
of raw materials to the copper refining and
manufacturing facilities. However, there are
large variations in recycling between different
countries, which depends on such factors as
efficiency in collection/recovery, historical us-
age and application; for example, copper grade
is less critical when used in pipes and roofing.
Also, the market and customers play an impor-
tant role; copper scrap is mainly produced in
cities whereas copper smelters often are located
in more remote areas. Recycling of nonferrous
metals is discussed in an extensive work by
Henstock (1996), in which among many other
issues, aspects such as benefits and limitations
of recycling are considered. The collection and
treatment of secondary material have to be
economically favorable or deduced by govern-
mental regulations. Benefits of recycling are
also lost if the collection and processing
consume more resources than extraction from
primary sources.

There is a large difference in scrap consump-
tion between different parts of the world. The
Middle East and Asia accounted for about 64%
of world copper recovered from scrap in 2011,
the Western European countries accounted for
22% and the countries of North and South

Copyright © 2014 Bo Bjérkman and Caisa Samuelsson.
Published by Elsevier Inc. All rights reserved.
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America accounted for 11% (Jolly, 2013). The use
of copper scrap also reflects the copper demand
and prices; for example, during the period of
higher prices, 2004 to 2008, world production
of refined copper from scrap also increased.

In 2007—2012, roughly between 15% and
18% of the refined copper produced originated
from copper scrap (International Copper Study
Group, 2013). This figure takes into account
only the copper produced through refining;
direct-melted or reused copper is excluded.
Counting direct-melted copper scrap, the figure
is considerably higher; for example, in 2009
more than 45% of copper used in Europe
came from recycled material and the global
recycling rate was 34% (European Copper Insti-
tute, 2013). Recovery of copper from end uses
varies greatly from product to product. For
example, studies have shown that in Japan
nearly 100% of copper wire from electric power,
telecommunications and railways was recov-
ered. Recovery from small electrical and
electronic appliances was only 20%, for auto-
mobiles the recovery fraction was 48%, for in-
dustrial machinery a little over 81% and for
buildings about 68% (Ayres et al., 2002).

7.2 RAW MATERIAL FOR COPPER
RECYCLING

7.2.1 Copper Scrap

Recycling of copper is based on a large vari-
ety of raw materials, ranging from low-grade
copper scrap containing only a few percent Cu
to very high-grade copper as well as pure cop-
per close to 100% Cu (Table 7.1). Thus there
are several options for recycling processes,
within both primary plants and secondary
plants treating only scrap material.

Copper scrap that is adequately clean can be
directly recovered through remelting without
further refining, whereas scrap of lower grade
has to be refined in similar processes as primary

copper.

Copper scrap is often classified according to
its source: (1) direct or “home scrap”, which is
the scrap generated at the smelter/refinery
and has the highest purity, usually recycled
internally at the plant; “new scrap” is generated
at downstream metal fabricators, e.g. trim-
mings, boring and croppings, which also usu-
ally is recycled at the smelter/refinery.

Post-consumer scrap or old copper scrap can
be divided into a number of different grades,
which also may vary between different coun-
tries. The Institute for Scrap Recycling Industry
Inc. has in their guidelines for nonferrous scrap
NEF-2013, for about 50 different copper and cop-
per alloy specifications (Institute of Scrap Recy-
cling, 2013). There are three main categories of
unalloyed scrap, each containing several grades
(Jolly, 2013). No. 1 copper scrap has a minimum
of 99% copper and is often just remelted. No. 2
copper consists of unalloyed scrap, with a cop-
per content of at least 94% with a nominal con-
tent of 96% Cu. Light copper scrap contains
between 88% and 92% copper. These types of
copper scrap usually have to be refined to obtain
the quality required. Refinery brass has a

TABLE 7.1 Examples of Different Types of Scrap and
Secondary Copper-Containing Material

Typical Cu

Material Content (wt%) Source

Pure no. 1 copper 99% Semi-finished products,

scrap wire, strip, cuttings
No. 2 copper 94—98% Miscellaneous

scrap unalloyed wire

Light copper 88—92% Sheet, gutters, boilers,
scrap wires

Red brass scrap ~ 75—85% Valves, machinery parts
Shredder material 60—65% Cars

Electronic scrap ~ 5—30% Electronics

Copper slag 1-8% Copper smelter slag
Copper dust 1-50% Copper smelter dust
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minimum of 61.3% copper and a maximum of
5% iron; it consists of brass and bronze solids
as well as alloyed and contaminated copper
scrap. Copper alloy scrap can be classified by
type of alloy or by its end use. Brass and bronze
scrap is generally remelted without refining,
provided they can be sorted into composition
categories.

Other types of copper-containing secondary
material are, for example, shredder material,
which has a copper content of 60—65%, and
drosses, ashes and slags from foundries contain-
ing 20—25% copper (Lossin, 2005). This type of
material is usually smelted under reducing con-
ditions, converted and refined. In addition,
there are low-grade materials such as sludges
and combustion ashes that have potential for
recycling and recovery of copper.

Another important type of copper bearing
scrap is waste electric and electronic equipment
(WEEE). This type of scrap is often very com-
plex, with low metal content and organic mate-
rial, etc., which renders it special challenges. It is
usually not only the copper that makes it
economical to recycle but more the content of
precious metals.

7.2.2 Smelter Residues

Copper recycling may also include copper re-
covery from process residues such as slag, dust
and sludges. Often these types of copper-
containing residues are internally recycled
within the plant. However, there is a need for
bleeding and thus an outlet from the plant.

Slag from copper-smelting operations usually
contain between 1.5% and 8% copper depend-
ing on process used. After internal recycling,
reduction and/or settling, the slag contains be-
tween 0.7% and 2% Cu and is often discarded.
It is estimated that about 2.2 t of slag is gener-
ated per ton of copper produced.

Dust generated at smelters is usually recycled
to a large extent at the plant; as such it is difficult
to find figures about the amount produced.

The amount and composition also vary, depend-
ing largely on process, process systems used
and raw materials processed. Both hydrometal-
lurgical and pyrometallurgical methods to
treat dust for recovery of valuable metals have
been proposed.

7.3 PROCESSES FOR RECYCLING

Copper scrap is smelted in primary and sec-
ondary smelters. Type of furnace and process
steps depend on copper content of the second-
ary raw material, other constituent, size, etc. In
the case of oxide scrap material, reducing condi-
tions are required, which can be achieved
through carbon and iron along with fluxing
agents. Depending on the raw material and pro-
cess, other metals such as Zn, Pb and Sn can be
recovered from the fume. Depending on the
quality/grade of the scrap, refining is required,
which is usually done through electrorefining.

A considerable amount of copper scrap is
used in primary copper smelters, and the
amount and type depend on which process
routes exist for primary concentrate. In primary
smelters, heat is generated in smelting opera-
tions, especially in the Peirce-Smith converting
of matte into blister copper, where the heat evo-
lution is so great that coolants have to be used.
Thus copper-containing scrap is to large extent
used as a coolant in ore-based copper produc-
tion. The matte-converting process is normally
divided into two main stages: the slag-making
stage and the copper-making stage. In the slag-
making stage, impure scrap with a lower copper
content can be used, whereas in the copper-
smelting stage, pure copper scrap is used,
especially spent anodes from the electrolysis
process. Copper-containing scrap can also be
added to the smelting stage, depending on
type of smelting furnace used and type of scrap.
For example, smelters using an electric smelting
furnace can process a large amount of secondary
oxidic copper-containing material.

II. RECYCLING — APPLICATION & TECHNOLOGY
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Copper scrap can be smelted in a number of
different furnaces: blast furnaces, reverberatory,
rotary, bath smelting or electric furnaces. Smelters
dedicated to treating copper scrap use different
concepts for smelting depending on the kind of
scrap material. Small Peirce-Smith converters are
commonly used for impure copper alloy scrap
like red brass scrap. The Contimelt process is a
continuous two-stage process to melt and treat,
e.g. high-grade copper scrap, black copper and
blister copper. Several of the more recently built
plants are using bath smelting with top-
submerged lance Isasmelt/Ausmelt technology
or top blown rotary converters (TBRC)/Kaldo or
a combination of submerged lance and TBRC for
smelting and refining. Processing and recycling
of copper is extensively described in a recent pub-
lication by Langner (Langner, 2011). In the book
by Davenport et al. (Davenport et al., 2002), the
chemistry of copper recycling in primary and sec-
ondary smelters is discussed.

The Contimelt process is based on two inter-
connected furnaces, including a heart shaft
furnace where high-grade scrap, blister copper
and black copper are smelted. Oxy-gas burners
supply heat for melting. The molted copper
flows to a cylindrical furnace, where it is

FIGURE 7.1 The Contimelt pro-
cess. From Integrated Pollution Preven-
tion and Control (2001), p. 105.

Poling furnace

[ |

deoxidized using natural gas and cast in anodes
(Figure 7.1).

Isasmelt/Ausmelt is based on cylindrical
bath furnaces using a steel lance for injection
of, e.g. natural gas, oil, oxygen or air into the
melt. The lance is submerged into the bath,
creating a well-stirred melt. Formation of a
slag coating protects the lance (Figure 7.2).

The TBRC or Kaldo furnace is a rotating and
tilting furnace that uses lances for heating and
blowing purposes. The furnace is a compact
and energy-efficient reactor. Good mixing is
achieved through rotation; however, this may
also lead to abrasion of the refractory lining. Ox-
ygen and fuel are added via lances, which blow
onto the surface of the melt. The operation is
normally a batch process. The furnace is used
for smelting, converting and slag treatment in
the copper, lead and precious metals processing
industries (Figure 7.3).

The combination of bath smelting and TBRC
is used in the Kayser recycling system at Auru-
bis to produce copper from secondary raw ma-
terials. The system is based on a two-step
process consisting of a smelting and conversion
step. In the first step a submerged lance furnace
is used to produce a liquid metallic phase
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FIGURE 7.3 Top blown rotary converter. From Integrated Pollution Prevention and Control (2001), p. 95.
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containing approximately 80% Cu (black cop-
per). The black copper flows to the TBRC where
it is enriched to 95% Cu and then further refined
in an anode furnace and through electrolysis.
Copper alloy scrap is added to the TBRC and
to the anode furnace (www.Aurubis.com).

7.3.1 Recycling of WEEE

The metal composition of different electronic
scraps varies widely depending on age, origin
and manufacturing. The copper content may
vary between 3 and 27 wt% (Cui and Zhang,
2008). The dominating method to treat WEEE
is through the pyrometallurgical route. Recy-
cling of WEEE is discussed in a separate chapter
and will thus be mentioned only briefly here.
After collection, sorting and mechanical up-
grading, the electronic scrap containing nonfer-
rous metals is treated in a primary or secondary
smelter. Typically the scrap is smelted under
reducing conditions producing a so-called black
copper, which is further treated in oxidizing at-
mosphere, removing impurities through slag-
ging and vaporization. At Boliden Ronnskér
smelter, the scrap is smelted in a Kaldo unit,
and the black copper produced is then charged
to the Peirce-Smith converter.

7.3.2 Slag Treatment for Recovery
of Copper

There are several options to treat slag,
depending on the metal content in the slag.
Flotation can be used for slag that has been
slow-cooled, crushed and grinded. Mere settling
of the slag to allow mechanically entrained matte
droplets to settle and thus be separated from the
slag can be obtained in electric furnaces without
any addition of reductants. Carbothermic slag
reduction is done to enhance the separation of
metals and subsequently metal recovery. Pro-
duction of high-grade mattes results in a highly
oxidized slag containing considerable amounts
of copper oxides, which requires reduction of

the slag to reduce copper and other metals into
other phases, e.g. matte, speiss and gas phase.
Carbothermic reduction of copper slag or slag
settling is usually carried out in an electric arc
furnace, rotary holding furnace or Teniente
slag-cleaning furnace. In the Teniente slag-
cleaning furnace, the slag is reduced in a batch
process by injection of an air/oil mixture fol-
lowed by settling of matte/metallic particles.
An increased interest in developing methods
for slag treatment to reduce the environmental
impact of landfill and to recover valuable metals
otherwise lost can be seen in Chile (Palacios and
Sénchez, 2011; Acuna and Sherrington, 2005;
Demetrio et al., 2000).

Slag fuming is a well-established process
that has been in industrial operation for more
than 80 years. Slag fuming is traditionally
used to vaporize zinc from zinc-containing
slags, mainly lead blast furnace slag, but also
is applied in a few plants for copper-smelting
slag. Reduction is achieved by using pulver-
ized coal, lump coal or natural gas. At Ronn-
skdr Smelter slag from the electric smelting
furnace is treated in batches in a fuming
furnace to recover zinc (Hansson et al., 2010).
The slag is reduced, generating a cleaned
slag suitable for use in, for example, construc-
tion work.

7.3.3 Dust Handling

One example of a plant that treats a variety of
materials is Kosaka Smelter and Refinery in
Japan (Watanabe and Nakagawara, 2003). The
company has developed a technique to treat
complex concentrates containing many impu-
rities. The copper-smelting unit also processes
secondary materials such as printed circuit
board scraps and sludge. It was considered
necessary to keep track of impurities owing to
the complexity of raw materials. One way to
overcome the build-up of impurities in the plant
due to recycling was to install a hydrometallur-
gical plant to treat dust from smelting units. The
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combination of several smelting process units
and a hydrometallurgical plant was shown to
be a feasible way to remove impurities from
the plant and recover valuable metals.

An overview of smelting processes is shown
in Figure 7.4. As shown in the figure, extraction
of copper from primary and secondary sources
is often integrated. For example, up to 30%
copper scrap can be used in converting copper
matte (Langner, 2011). On the other side is
the 20—25% of global output of copper from
direct-melt scrap (Moskalyk and Alfantazi,
2003).

Slags
Ashes
Internal residues

Low-grade copper scrap l

7.4 CHALLENGES IN COPPER
RECYCLING

It can be foreseen that the future raw mate-
rials for extraction of base metals will be of
lower grade. Complex primary ores and second-
ary materials with a complex composition will
need to be treated for recovery owing to the
high demand for metals and the depletion of
rich ore reserves.

The dominating source for extraction of cop-
per is sulfide ores, with the main mineral chalco-
pyrite, CuFeS,. The other sources of raw

Cu concentrate
CuFeS,

Shaft furnace
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Electric furnace
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{
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FIGURE 7.4 Overview of material flows and processes.
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material for extraction of copper and precious
metals are scrap, including electronic scrap.
The composition of secondary material is often
very complex, containing a variety of metals
along with plastics and ceramic material. A
further challenge is that the composition
changes continuously.

Extraction of copper can be done via various
process routes, including hydro- and pyrometal-
lurgical methods and the combination of both.
At the metallurgical part of the process chain
in the extraction of copper, similar challenges
occur whether the copper originates from pri-
mary or secondary sources, and primary and
secondary raw materials are also often mixed
in the processes. Smelting and refining are car-
ried out in a number of process units, and inter-
mediate products are recycled within the plant,
which may cause accumulation of impurity ele-
ments. There are a number of different process
routes considering both primary and secondary
raw materials that have the potential to effi-
ciently treat complex raw materials and extract
the metal values. It is important to look at the
extraction chain as a whole to consider different
process routes and combinations of methods for
efficient extraction of metals.

Elements not removed prior to the smelting
unit, whether they comes from scrap or concen-
trates, need to be separated and bled from
the smelter through slag, dust or other interme-
diate materials. Very high-purity copper, typi-
cally 99.99% Cu, can be obtained through
electrorefining. The efficiency of the electrolysis
is, however, sensitive to impurities such as
antimony, bismuth and arsenic. The absolute
limits of acceptable levels in the copper anodes
are debated, but a typical anode composition
is 50—1100 ppm Sb, 10—600 ppm Bi and
240—4000 ppm As (Larouche, 2001). Antimony
is one of the minor elements together with
arsenic and bismuth that is often discussed as
the impurity element that is most problematic
in the smelting route of copper extraction,
owing to its affinity to liquid copper. Arsenic

is relatively easily removed to the gas phase,
but bismuth is not as easily vaporized as
arsenic, but it is reported to vaporize when con-
verting matte to white metal. Antimony has a
lower partial pressure and is thus not as readily
vaporized in roasting and smelting operations.
Nowadays it is rather common to use antimony
as flame retardants and as such it may enter
copper smelters along with for example com-
plex sulfide concentrates.

Removal of antimony prior to smelting opera-
tion would be beneficial and even more so if the
antimony could be turned into a product. Recent
research has been shown that pretreatment of
complex copper sulfide concentrates with alka-
line sulfide solution has the potential to selec-
tively dissolve antimony from the concentrate;
by electrowinning antimony can be recovered
from the leach liquors (Awe, 2013). This is one
example where hydro- and pyrometallurgical
methods can be combined, facilitating the possi-
bility of extracting copper from a complex mate-
rial and at the same time extracting valuable
by-products. Although in this example it is
applied on a primary raw material, it would
have consequences for recycling capacities of
smelters treating both primary and secondary
materials. Removing antimony from primary
concentrates may allow for higher antimony
intake from secondary material. This exemplifies
the importance of considering the whole process
chain from different raw materials. The interac-
tion between different process routes and raw
materials is schematically shown in Figure 7.5.

Slag is a molten oxide phase with the main
purpose to transfer elements such as iron from
the metal phase, e.g. copper. With increased
recycling of different types of impure scrap
and residues, an increased load of slag-
forming elements can be expected at the smelter.
One such element that has a large impact on slag
properties is aluminum. The content of alumina
in slag will affect properties such as viscosity,
density and melting properties, which are
important to control during processing.
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FIGURE 7.5 Simplified schematic flow of possible routes for different types of materials for copper extraction.

Aluminum will also influence phases formed
upon cooling of the slag, which subsequently
affect the postprocessing properties of the slag,
such as leaching (Mostaghel, 2012).

Challenges in the metallurgy of recycling
complex feed include the formation of various
phases, properties of the phases such as slag
and distribution of minor elements between
different phases. Tin and indium are two ele-
ments of interest in recycling of WEEE. A study
has shown the importance of understanding
distribution behavior in smelting conditions to
evaluate the feasibility for recovery of such ele-
ments through a certain smelting route
(Anindya, 2012).

Thermodynamic modeling and simulation
can be used to understand and optimize reac-
tions occurring in the different process units
and the distribution of elements. There are two
great challenges when using thermodynamic
for process simulation: data used must be valid
and evaluated for the actual composition range,
and the reactions should not be controlled by
kinetics.

Although modeling will not solve all prob-
lems connected with metallurgical processes, it
can be a good tool when used in combination
with industrial experience, and experimental
studies in lab scale, to describe metallurgical
processes such as slag chemistry, phase separa-
tion and element distribution.

7.5 CONCLUSIONS

It can be assumed that there will continue to
be a demand for copper also for future genera-
tions, as it has properties that are difficult to
compete with in certain applications. The recy-
cling of copper is, for example, in Europe,
well-functioning with established business for
collection, treatment and processing of high-
grade scrap. This is shown in the rather large
proportion of the copper produced originating
from secondary sources. Although the recycling
rates for copper are good, some challenges can
be foreseen, such as a scarcity of pure and
high-grade scrap and an increased amount of
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products containing a mixture of materials and
with low copper concentrations, which means
that the processing industry must deal with
more impurities.
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8.1 INTRODUCTION

Lead is a soft, malleable, ductile, bluish-
white, dense metallic element, extracted chiefly
from galena (PbS) and found in ores together
with zinc, silver and copper (ILA, 2013a).

Today about 80% of lead is used in lead-acid
batteries. A further 6% of lead is used in the
form of lead sheet by the building industry.
There are a number of other smaller volume
applications for metallic lead such as radiation
shielding, cable sheathing and various special-
ized applications, such as earthquake dampers
(ILA, 2013b).

Lead is one of the first metals produced by
man—with beads of it dating from 6500 BCE
having been found in Anatolia.

The mine and metal production, and the metal
use of the last five years, are given in Table 8.1. Itis
notable that in spite of the gradually more strin-
gent ban of lead from a number of its traditional
applications (such as pigment, antiknocking
agent, solder alloy, plumbing, gun shot), the level
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of lead usage has doubled in the last 30 years
(ILA, 2013a). About 90% of all lead is used in
readily recyclable products, conserving precious
ore reserves for future generations. Lead enjoys
one of the highest recycling rates of all materials
in common use today. The ILZSG has estimated
that secondary lead accounts for 56% of total
refined lead metal output globally and that this
figure rises to 73.7% on an ex China basis (White,
2013). Because of the relatively unreactive nature
of lead and the resulting relative ease of refining
lead (see later under lead refining), the purity of
the recycled lead is identical to that of primary
metal from mining (ILA, 2013b).

TABLE 8.1 World Refined Lead Production and Usage
2008—2013 (in kt) (ILZSG, 2013)

Year 2008 2009 2010 2011 2012
Mine production 3812 3810 4291 4683 5236
Metal production 9198 9197 9804 10,545 10,525
Metal use 9190 9206 9776 10,396 10,469

Copyright © 2014 Elsevier Inc. All rights reserved.
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In general three major sources of secondary
lead are distinguished: (1) batteries and
battery-derived streams (lead alloy, antimonial
(hard) lead, lead sulfate, sulfuric acid, polypro-
pylene, lead oxide), (2) metallic lead (alloy)
from plumbing, weights or cable sheathing
and (3) intermediate products from nonferrous
smelting /refining such as drosses and slags.
The ILZSG, without having detailed informa-
tion, estimates that about 80% of the secondary
lead originates from used lead-acid batteries
(White, 2013). Most recycling processes combine
the first two sources, although there are some
that are capable of handling all three, leading
up to more complex bullions and refining treat-
ments afterward. Today there is a large range of
smelting technologies in use for secondary
smelting. We can distinguish between dedicated
technologies such as rotary furnaces and the
Varta blast furnace and processes such as QSL,
Ausmelt, Isasmelt, SKS, Kivcet and the tradi-
tional lead blast furnace that principally treat
primary lead concentrates. The use of a partic-
ular technology is as much a result of the expec-
tations on the complexity of the feed at the time
of plant design as it is of the inertia of capital in-
vestments in changing primary and secondary
resource markets.

Lead production is one of the pivotal metal-
lurgical flowsheets in primary and also second-
ary metal production (UNEP, 2013), as through
lead production associated metals such as
Cu, Sn, Sb, Bi, and Ag are also co-produced. It
should also be noted that non-lead plants
generate substantial amounts of lead. Inter-
esting examples of such secondary smelting op-
erations can be found for precious metals
recycling and Cu/Sn recycling (Campforts
et al., 2013; Goris, 2013).

8.2 THE LEAD-ACID BATTERY

Representing about 80% of the use of lead,
batteries are the dominant application of lead

as well as the dominant secondary resource for
lead metal production. The lead-acid battery
was invented in 1859 by Gaston Planté and is
now widely used as a stationary battery and
the Starting-Lighting-Ignition (SLI)-type battery
(see for instance Crompton, 2000; Figure 8.1).

The negative pole, or anode, is composed of a
lead grid; the positive pole, or cathode, is a grid
pasted PbO,. The electrolyte solution is an
aqueous sulfuric acid solution. Due to the
discharge reaction

PbO; + Pb + 2H,S04 — 2PbSO4 4+ 2H,O (8.1)

the two electrodes are converted into PbSOy. The
half-reaction during discharge at the anode is:

Pb + HSO; — PbSO4 +H™ + 2e~ 8.2)

and the half-reaction during discharge at the
cathode is:

PbO, + 3H" + HSO, +2e~ — PbSOy + 2H,0
(8.3)

During recharging these reactions proceed
from right to left. The cell voltage is 2.0V
and the power capacity of these batteries can
now be up to 35—40 Wh/kg. The weight con-
tinues to be the most important disadvantage
of these batteries, notwithstanding the remark-
able electrical performance achieved. The grid
plates are produced from lead alloys to
improve the mechanical strength, creep resis-
tance and castability, while minimizing the
hydrogen evolution reaction. Commonly used
materials are an Sb alloy containing Se, Sn
and As and a Ca alloy containing Sn, Al and
often Ag (Siegmund and Prengaman, 2001).

The lead-acid battery is now a complex con-
sumer product made of several materials. The
composition of a lead-acid battery is shown
in Table 8.2. The main components are lead,
either as a metal, oxide or sulfate, and sulfuric
acid is another important fraction. Also the
polypropylene is valuable and can be recycled
(Jolly and Rhin, 1994).
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FIGURE 8.1 Schematic of an automotive lead-acid battery (Darling, 2013).

More than 97% of all lead-acid batteries are
recycled today, the highest recycle rate of all
consumer products. According to research by
Battery Council International, 55% of aluminum

TABLE 8.2 Composition of Typical Lead-Acid Battery
Scrap (Gravita, 2013b; Badanoiu and Buz-

atu, 2012)

Component (wt%)
Lead (alloy) components (grid, poles, ...) 25-30
Electrode paste (fine particles of lead oxide 35—-50
and lead sulfate)

Sulfuric acid (10—20% H,SOy) 10—-20
Polypropylene 5-8
Other plastics (PVC, PE, etc.) 4-7
Ebonite 1-3
Others materials (glass, ...) <0.5

soft drink and beer cans are recycled, 45% of
newspapers, 26% of glass bottles and 26% of
tyres (Battery Council International, 2013).

8.3 BATTERY PREPROCESSING

Lead-acid batteries, the major source of
secondary lead, are composed of several mate-
rials as indicated above. An important step in
their recycling is therefore to process the batte-
ries first by separating the distinct material
fractions.

8.3.1 Acid Drainage

Upon reception at the recycling plant, a first
step common to all Western recycling ap-
proaches is the removal of the sulfuric acid.
Various simple but sufficient strategies are in
place in order to crack the battery casings and
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drain the acid from them. Dropping the batte-
ries from a height of a few meters or driving
over them with a front loader are the most com-
mon. The acid is collected into a basin for
settling. In some cases, a press filter is used to
recover additional solids and deliver cleaner
acid. Depending on the local situation, it can
be either transported for use in other applica-
tions (e.g. alkali waste neutralization; Steven-
son, 2004) or neutralized using sodium or
calcium hydroxides. In the case of neutraliza-
tion, the resulting gypsum needs to be disposed
of or may be mixed with the battery paste for
smelting.

8.3.2 Breaking and Sorting

Breaking or dismantling batteries further, after
drainage, separates the lead-bearing materials
from the plastics or other fractions. Automated
breakers are used in the most advanced plants,
but manual or semiautomated dismantling lines
are also in use. Large stationary batteries with a
metal casing cannot be treated in automated

8. LEAD RECYCLING

breakers. They have to be dismantled in less
automated ways, often with custom-built auxil-
iary equipment.

Modern automated breaking and sorting
lines are available from dedicated engineering
companies and have capacities up to 50 t of bat-
teries per hour (Wirtz, 2013). However, more
often plants are smaller (Engitec, 2013a) and
source local materials because of the high trans-
port costs for heavy battery scrap. The unit con-
sists of a hammer mill or roller crusher, followed
by hydrodynamic or sink/float separators to
remove and sort plastics, and a further separa-
tion of the metals from the paste, based on their
size (Stevenson, 2004). A flowsheet of a typical
plant with a breaker and separators is given in
Figure 8.2.

Separating the different materials has the
advantage that the polypropylene casing
can be recovered and sold for recycling into
new plastic products. Further, besides the
lead-rich fractions, a mixed heavy plastic frac-
tion is also formed that contains combined
plastic-metal particles and plastics other than
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FIGURE 8.2 Typical flowsheet for a preprocessing plant: acid drainage, crusher and sorting (Engitec, 2013b).
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polypropylene. This fraction contains the poly-
ethylene, as well as decreasing amounts of
PVC, from separators, with other materials
such as ebonite or glass. It can be added to a
lead smelting furnace or used for energy
recovery in a hazardous waste incinerator
(Behrendt and Fisher, 2013).

The fractions used for lead recycling are the
metallic fraction and the battery paste. The
metallic fraction, containing the grids and con-
nectors, is generally sent to rotary furnaces in
the same plant, without the need of an extensive
smelting cycle as the amount of oxides/sul-
phates is minimal. The paste is mainly also
locally smelted, possibly after desulfurization,
but can also be shipped to a primary smelter.

8.3.3 Desulfurization of the Paste

In order to facilitate local smelting, sulfur is
often removed from the batteries’ paste fraction.
Paste desulfurization relies on the reaction of
lead sulfate to lead carbonates, by the addition
of a reagent to the slurry. The most commonly
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used reagent is sodium carbonate, with the reac-
tion being:

PbSO4(s) + NapCOz(aq) — PbCO3(s)
+ NaySO4(aq)

An excess of carbonate is needed, as it is also
consumed to neutralize any remaining acid. The
desulfurized paste contains about 0.5% insol-
uble sulfur and 1.5—2.5% sodium, which Engi-
tec claims can be further reduced to <0.2% Na
and <0.2% S using more advanced superdesul-
furization (Olper and Maccagni, 2009). This pro-
cess uses CO; to fully convert Na—Pb carbonate-
hydrates to PbCOjs in the paste.

Another reagent that can be used is ammo-
nium carbonate, which leads to ammonium sul-
fate. The reactor design is more complicated,
but in some countries the market for ammonium
sulfate, used for fertilizer production, is healthier
than for sodium sulfate, used for the production
of detergents and glass (Olper and Maccagni,
2009). Instead of sodium carbonate, sodium hy-
droxide may also be used, leading to lead oxide
instead of carbonate (Stevenson, 2004).

Crystallization
P
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Paste
filtration
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(NH4)oS04

(NH4)2504
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NozS04
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O——

Salt drying

) =]
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FIGURE 8.3 Typical flowsheet for a preprocessing plant: hydrometallurgical desulfurization (Engitec, 2013b).
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The resulting sodium or ammonium sulfate
needs to be removed from the solution, and
this is achieved by evaporation and crystalliza-
tion. The water is then recycled to the breaker.
A flowsheet of a typical plant for desulfuriza-
tion is given in Figure 8.3.

8.4 SMELTING

8.4.1 Primary Smelting

Dedicated recycling processes will be dis-
cussed in the next section, but as a substantial
fraction of secondaries or of their side streams
are treated at primary smelters and as they are
trying to shift their focus to recycling, we
commence our discussion with primary smelt-
ing processes. Primary smelting processes treat
a lead-bearing feed that is derived from mined
ores. Those ores, almost all of which contain
lead as “galena” (PbS), are upgraded by mineral
processing methods to a high-grade concen-
trate. The mineral particles in the concentrate
are very fine grained, with typically 80% of the
particles smaller than 40—50 pm.

The traditional approach to extracting lead
from galena concentrates utilizes the blast
furnace. However, blast furnaces require the
feed to be coarse enough to allow gas to be
blown through the charge in the shaft without
excessive pressure drop. It also requires the
charge to be in the form of oxides because the
blast furnace uses carbon as the reductant.
The fine-grained sulfide concentrates are treated
by a process known as “sintering” that both ox-
idizes the galena and partially fuses it into large,
strong and porous lumps. During sintering the
concentrates are mixed with an excess of
crushed return sinter to form a porous bed.
A thin layer of charge is laid down on a contin-
uous belt of steel boxes with slatted bottoms.
This thin layer is ignited and then the main layer
of charge is laid down. Air is blown up through
the bed as it travels toward the end of the sinter

8. LEAD RECYCLING

machine, and a high temperature band moves
upwards through the bed. No additional fuel
is required in the sinter mix because the oxida-
tion of PbSis very exothermic. Sulfur is removed
as sulfur dioxide gas (SO,) and the high temper-
ature causes partial fusion of the bed into large
lumps (Sinclair, 2009). Sinter lumps, together
with coke, are charged to the top of the blast
furnace and air is blown in through tuyeres
near the bottom. Carbon combusts to carbon
monoxide (CO), which travels upwards through
the packed bed, and this reduces the PbO in
sinter to lead bullion. Other oxides in the charge,
such as silica (Si0,), iron oxide (FeO) and added
lime (CaO) flux form slag.

The sinter/blast furnace route is restricted
in its ability to accept significant amounts of
battery paste as part of the feed. The oxidic
part of the paste provides no heat during sin-
tering, while the PbSO, in the paste incom-
pletely decomposes very endothermically.
This results in a peak temperature in the sinter
bed which is insufficient for successful partial
fusion (Sinclair, 2009) and carries sulfur into
the blast furnace where it complicates smelting
by forming a molten sulfidic matte phase.
Nevertheless, traditional smelters have moved
to accept from 10% to 25% of their feed as
secondaries (Siegmund, 2000)—especially in
Japan.

Since the 1980s lead smelters have been un-
der pressure to improve their practices. Most
significant of these was the imposition of
increasingly strict environmental legislation
for both SO, and fugitive lead emissions.
Other pressures were the rising costs of energy
and manpower. The result was the introduc-
tion of novel “direct smelting processes” that
feed concentrates, fluxes and oxygen into one
or two closed reactors. Such reactors achieve
much greater levels of SO, capture, much
more efficient use of the exothermic heat of
oxidation of sulfur and reduced manpower
through extensive automation than the
sinter/blast furnace route. They utilize oxygen
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or oxygen-enriched air and so greatly lower
the volume of off-gases produced and there-
fore the quantity of dangerous emissions
released into the workplace and atmosphere
(Siegmund, 2000).

The significance of the development of direct
smelting processes to lead recycling is that, by
eliminating the sinter machine, they open up
the possibility of feeding battery paste and me-
tallics, alongside concentrates, into the reactors.
This had the important benefit of creating a new
supply of lead-bearing materials at a time when
lead mine closures were occurring and there
were difficulties in sourcing adequate quantities
of concentrates to maintain the financial
viability of smelters. It also meant that the use
of secondary materials as feed was largely
restricted to the developed countries where a
sufficient quantity of such materials could be
sourced (Siegmund, 2000). Feeding secondary
materials to primary smelters also has the
advantage that expensive desulfurization of
battery paste is unnecessary because the SO,
produced from lead sulfate (PbSO4) simply joins
the SO, stream from PbS oxidation. However,
there are also problems associated with the
feeding of lead secondary materials into direct
smelting reactors. The endothermic oxidation
of lead sulfate causes difficulties with the heat
balance in the reactor, the possible presence of
chloride in the feed from the PVC separators
in batteries affects the recovery of minor ele-
ments and the very low concentrations of silver
in battery scrap versus galena concentrates robs
the smelters of a significant revenue stream
(Stevenson, 2004).

Siegmund (2003), Stephens (2005) and Hayes
et al. (2010) have reviewed the direct smelting
technologies and the four more commercially
important of these will be discussed here, with
emphasis on their capacity to accept secondary
materials in conjunction with primary feeds.
They fall into two distinct groups according to
their process chemistry: three that produce
most lead directly from oxidation of PbS, which
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are all bath smelting processes and which differ
only in reactor design—QSL, SKS and Ausmelt/
Outotec TSL; and the single process that pro-
duces all lead from reduction of slag produced
by the complete oxidation of PbS to PbO in a
flash reactor—Kivcet.

The chemical differences in these processes
can best be visualized using Figure 8.4 below.
It was produced using computational thermo-
dynamics software and illustrates the outcome
of reacting 1000 kmol of PbS, contained within
a typical lead concentrate, with increasing
amounts of oxygen and appropriate quantities
of silica flux at 1100 °C. It can be seen that
the amount of lead formed increases to a
maximum at 2000 kmol of oxygen for this
feed, then rapidly decreases. There is a small
amount of PbS dissolved in the lead, so the
lead is not pure but contains some sulfur in so-
lution. The amount of PbO reporting to the slag
initially increases slowly but then increases
rapidly as lead is oxidized. The amount of lead
reporting to the gas phase is considerable and
is mostly PbS(g), but the amount drops to effec-
tively zero when all lead is present as PbO in
slag. If PbSO; is added to the input to represent
battery paste, then almost all of it reports to the
metal phase as lead via decomposition of PbSOy4
to PbO, then through the reaction with PbS to
lead.

The three bath smelting processes operate at
the maximum point on the lead production
curve. Their aim is to maximize the amount of
lead formed by oxidation so that the amount
of carbon needed for reduction of PbO from
slag is minimized. The amount of PbS volatil-
izing to the gas phase during oxidation is quite
large, and this causes hygiene challenges and a
large recycle of condensed fume. The amount
of lead reporting to the slag is also large, its con-
centration typically being from 35 to 45 wt%. A
consequence of so much PbO being in the slag is
that it lowers the liquidus temperature to
approximately 1000—1050 °C. As PbO is
reduced from slag, the liquidus temperature
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FIGURE 8.4 The amount of lead species formed from the reaction of 1000 kmol of PbS as a function of the amount of

oxygen provided, at 1100 °C.

rises to approximately 1250 °C, so the reduction
stage must be much hotter than the oxidation
stage. This is a problem because the reduction
reactions are endothermic, so heat must be sup-
plied to the reduction stage.

The single flash smelting process operates at
the point where the oxidation of PbS to PbO in
slag is complete. The aim is to minimize the
amount of lead reporting to the gas and so to
minimize hygiene problems and fume recycle.
All lead comes from the subsequent reduction
of PbO from slag with carbon, so the carbon con-
sumption is high.

8.4.1.1 QSL

The Queneau-Schumann-Lurgi (QSL) furnace
is a refractory-lined horizontal cylinder, approx-
imately 30 m long and 3m in diameter, with
separate oxidation and reduction zones. They
are separated by a weir to minimize back-
mixing of slag and lead bullion, and the reactor
has a slight slope from the oxidation zone toward

the reduction zone. Slag flows toward the reduc-
tion end, from where it is tapped, while lead
bullion flows in the opposite direction toward a
siphon in the oxidation zone. Lead-bearing feed
and fluxes drop into the bath in the oxidation
zone, oxygen is blown in through injectors in
the bottom of the reactor and primary lead,
lead-rich slag and SO, gas are formed. Coal
dust and oxygen-enriched air are supplied
through bottom injectors in the reduction
zone to reduce the lead content of the slag to
about 2 wt%. Oxygen is blown into the reduction
zone gas space to postcombust CO gas as a heat
supply. The QSL process was designed to accept
a wide range of secondary materials that are
moist and vary in size from fine materials to
larger lumps. It is reported that the lead-
bearing feed to the QSL reactor at Berzelius Stol-
berg GmbH comprises over 50% secondary
materials, and that it has operated with 100%
secondaries feed during trials (Meurer et al,
2005).
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8.4.1.2 SKS

Li and Suo (2010) have reviewed the evolu-
tion of the Chinese Shui Kou Shan (SKS) oxygen
bottom blowing process that carries out oxida-
tion and reduction reactions in two separate reac-
tors. The oxidation stage has very similar reactor
geometry to the QSL reactor—but the first-
generation process cast the high lead slag and
fed it as lumps to a blast furnace for reduction.
The subsequent second-generation process has
a reduction stage that is similar to the QSL reduc-
tion stage but uses side-blowing tuyeres. The
third-generation  reduction reactors have
graphite electrodes whose function is to raise
the slag temperature and so decrease the final
lead content of the discharge slag to less than
3 wt% Pb. It is reported that up to 50% of the
feed to the oxidation stage can be spent acid bat-
tery paste. The SKS process is now said to domi-
nate the Chinese lead smelting industry.

8.4.1.3 TSL

Top submerged lance (TSL) smelting was
developed in Australia and differs from the
QSL and SKS processes in that it uses a station-
ary vertical refractory-lined cylinder as the
reactor and injects oxidizing gas, and fuel, if
necessary, through a large single vertical lance.
The lance dips into the slag bath and is pro-
tected by a frozen slag layer. Sofra and Hughes
(2005) have described the application of the
Ausmelt TSL process to primary lead smelting.
Typically two reactors are used, one for oxida-
tion to produce primary lead and the second
for carbon reduction of the slag. However,
some operations dispense with the reduction
stage and handle the lead-rich slag in other
ways. Weser-Metall GmbH at Nordenham in
Germany have a TSL reactor that accepts a
feed having about 70% as lead secondary mate-
rials, and their operations have been described
by Kerney (2010). The most stable furnace oper-
ation occurs when a slag containing approxi-
mately 50 wt% Pb is produced. Secondary
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materials have a low content of slag-forming
oxides so little primary oxidation slag is pro-
duced. For this reason Weser-Metall decided
not to use a slag reduction step but to sell the
slag to other smelters.

8.4.1.4 Kivcet

The Kivcet process and its operating charac-
teristics have been described in detail by
Siegmund (2003). The furnace consists of two
sections: a reaction shaft followed by an electric
furnace, separated by a partition wall that en-
sures the gases formed in both sections cannot
mix. Dried feed is injected at the top of the
reaction shaft and is both oxidized and melted
to a PbO-rich slag as it falls. Coarse coke
(5—15 mm) is also added to the feed and forms
a floating layer on the slag at the bottom of the
shaft. Slag droplets are partially reduced to
lead as they percolate through this coke layer.
Slag flows to the electric furnace where three
in-line electrodes heat the slag and final reduc-
tion of PbO takes place. The Kivcet process
can treat a variety of secondary materials; the
furnace at TeckCominco in Canada has a lead-
bearing feed that is typically about 65% second-
aries, only part of which arises from battery
recycling. Coarse materials such as battery grids
and poles must be screened out of the feed.

8.4.2 Secondary Smelting

Here we discuss dedicated secondary smelt-
ing technologies. The choice of technology is
dependent on a number of items including the
battery pretreatment method, the size of the
operation, the source, market and availability
of scrap feed and the technological capability
of the region. There are three major pretreat-
ment options: (1) no separation, (2) separation
without desulfurization and (3) separation
with desulfurization. In all processes, reduction
of the lead compounds (sulfate, oxide or carbon-
ate) is the critical chemical reaction. The most-
used process without separation is the shaft
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furnace, whereas with separation, it is the short
rotary furnace.

8.4.2.1 Shaft Furnace

Batteries are treated in a one-step continuous
process, using a shaft furnace (Varta process)
with afterburner. The process uses whole batte-
ries with casing; only drainage is required
(Figure 8.5).

The smelting energy is provided by
(possibly preheated or oxygen enriched) air
firing up the coke in the hot burden. The
burden of the furnace is composed of (petro-
leum) cokes, iron scrap, drained batteries and
other recyclables such as cable lead or refinery
drosses. In the shaft, as the burden moves
down, it is gradually heated by the hot gases
formed at the tuyere level. The plastics pyro-
lyze or disintegrate with slowly rising tempera-
tures and a large fraction evaporates in the
form of volatile and complex organic com-
pounds; therefore, afterburning is required to
eliminate dioxins and furans. Next, the metallic
fractions melt and collect in the hearth. At
higher temperatures, deeper down in the shaft,
decomposition and reduction of PbSO; and

N
F,BDLIDEN Recycling process for lead
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PbO takes place, by Fe and CO gas. Metallic
iron from scrap reacts with PbSOy, according
to the reaction:

Fe + PbSO4 + CO — FeS + Pb + 2CO,

This reaction produces a matte, which is sold
for metallurgical treatment. Lead losses are
limited, as with increasing iron content, the sol-
ubility for lead in the matte decreases to a few
percent. Ninety-five percent of the total sulfur
input is captured in the matte. The remaining
sulfur input leaves the furnace as SO, gas and
is scrubbed in the gas cleaning section.

In the hearth the slag melts at temperatures
around 1100 °C. The slag and matte are tapped
at regular intervals at slightly higher tempera-
tures. The slag is of the calcium ferrosilicate
type, and a large fraction of it is recycled to the
furnace feed for process stability. The lead is
collected through a syphon.

The process gases leaving the furnace are
afterburnt, preferably with heat recovery. Injec-
tion of lime at high temperature reduces the
SO, emissions. After cooling and dedusting,
the gases are released through a stack.

Afterburner Economizer Filters Clean process gas

Hot water for district heating  I———

z

/’/7'\Q
G -

Slag for Separating "
Matte recgc”ng slaglma"ecoolmg Slag pots
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% g e

Alloying -
Softening Ingot casting Delivery

FIGURE 8.5 Shaft furnace secondary lead production (Martensson, 2013).
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Matte and filter dusts need further treatment.
The matte is treated in other pyrometallurgical
flowsheets. The lead fraction in the filter dust
justifies recycling to the furnace, but due to the
chlorine content it is first hydrometallurgically
treated (Kunicky, 2013).

8.4.2.2 Short Rotary Furnace

By far the largest smelting group is the
numerous variants of the rotary furnace. The
ease and simplistic nature of their operation,
although hides a metallurgical complexity, has
allowed many new entrants into the market,
with turnkey plants available and "up and
running within six months. Coupled with the
soda-iron slag, the system has a wide tolerance
for error, allowing for the operator to smelt
lead without having the plant fully synchro-
nized in both metallurgical and production
terms (Stevenson, 2013). If the various battery
fractions have been well separated (plas-
tics—metals—oxides/sulfates), they can receive
specific treatment. The oxide/sulfate fraction
needs reductive smelting to produce a lead
bullion. Desulfurized paste, although low in sul-
fur, also needs reduction. The metal fraction
may move straight to the refinery, but as they
are contaminated with sulfate due to corrosion
(Olper and Maccagni, 2009), and may contain
some plastics, they are often treated in the
same reductive smelting process to avoid
emissions.

The sorting of battery fractions allows full use
of the batch nature of the short rotary process. If
operations allow for different batch cycles, paste
can be smelted separately from metal fractions.
The paste leads to very pure soft lead, whereas
the metallics contain the antimonial lead parts
and other alloying elements. The antimony con-
tent, although limited, can then be concentrated
into bullion for use at the refinery when produc-
ing antimonial lead.

The short rotary furnace is operated as a
batch process. The units are relatively small,
and it is common to operate two to four
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furnaces for one breaker. Heating is provided
by a fuel or gas burner, with air or increasingly
with oxygen, at the front or back of the furnace.
The furnace is fed through a front opening,
generally with a dedicated feeder. This feeder
consists of a hopper, wide enough to be filled
using a front loader, and an Archimedes screw
on the bottom pushing the material through a
tube into the furnace (e.g. Gravita, 2013b).
Conveyor belts may also be used (Forrest and
Wilson, 1990). The feed consists of lead contain-
ing fractions (paste, metal, and recirculated
drosses), together with iron, and one or more
fluxes (Figure 8.6).

The purpose of the iron, similar to the shaft
furnace process, is to capture the sulfur as FeS.
As FeS melts at relatively high temperatures
for the rotary furnace (around 1200 °C), fluxes
are needed to decrease the melting point of the
matte. Two strategies are employed: creating a
sodium rich slag/matte commonly termed the
soda-iron slag, or creating a calcium ferrosili-
cate slag. The soda-iron method is more
widely used throughout the world (Stevenson,
2013).

The first strategy consists of the addition of
soda ash (NayCOjs), which leads to a sulfur
capture in sulfate as well as in sulfide form. At
less reduction, the following reaction can take
place:

PbSO4 + NapCO3 + CO — Pb + NaxSOy4

+2CO,

Both NayCO3 and NapSO4 have melting
points below 900 °C, which facilitates the reac-
tion. At higher reduction, sodium sulfide is
formed:

PbS + Na,CO3 + CO — Pb + Na,S + 2CO,

Sodium sulfide also has a relatively high
melting point (1180 °C), but when FeS and
NayS are combined in comparable quantities
(25—75% FeS), they form a sulfide matte with
liquidus below 800 °C (Figure 8.7). The solubil-
ity of other compounds such as metallic iron
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FIGURE 8.6 Rotary furnace secondary lead production flowsheet (Engitec, 2013b).

or iron oxide in this matte is expected to be
considerable, as it is for FeS itself (Arnout
et al.,, 2011), but is not well understood. The
low melting points lead to a simple and robust
process that can operate below 1000 °C, but
the environmental compatibility of the slag is a
source of concern. The slag is hygroscopic and
pulverizes easily on reacting to hydrates such
as “erdite” and further dissociation to com-
pounds such as NaySO4, NaOH. Further, the
solubility of sodium compounds in water may
allow for some release of heavy metals to the
environment, although many are bound to the
slag (Stevenson 2009).

If soda-iron slag production is not allowed or
leads to too high landfill or treatment costs, a
second strategy is used. As in all smelting pro-
cesses, iron is added to capture sulfur as the sul-
fide. In this approach, lime and silica fluxes are
then added to create a calcium ferrosilicate slag
(Stevenson, 2004). Depending on the scrap, it

may already contain considerable amounts of
iron oxide or silica from separators. The lead al-
loys may lead to calcium and aluminum oxides
in the slag. The silicate slag has considerable
solubility for calcium and iron sulfide. This
approach may require operating at higher tem-
peratures. Foam depressants or slag modifiers
may be used to prevent slag foaming or to
decrease slag viscosity (Stevenson, 2004). The
silicate structure provides a more stable matrix
for the heavy metals, resulting in considerably
lower leaching rates (Knezevic¢ et al.,, 2010),
which can be further reduced by transforming
the slag into a geopolymer material (Onisei
et al., 2012).

In the case of prior paste desulfurization,
the smelting operation in the Short Rotary
furnace is simplified because of lower quanti-
ties of sulfur in the charge. Similar mattes or
slags are created, but in much smaller
quantities.
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8.5 ALTERNATIVE APPROACHES

Recent developments on further hydrometal-
lurgical treatment of the desulfurized paste
have led to a chloride-based flow cell technol-
ogy for electrolytic reduction to lead metal
(Pizzocri and Maccagni, 2013). The system con-
sists of ammonia chloride and hydrogen
peroxide leaching. Pilot and demonstration
plants have been built. An important advantage
would be the elimination of reductive smelting
and the associated difficulty in controlling
diffuse lead dust and SO, emissions.

Besides smelters specializing in battery scrap,
some relatively straightforward remelting facil-
ities are in place. For example, a lead sheet pro-
ducer may collect nearly uncontaminated lead

sheet and combine it with lead bullion from
other plants to produce new alloys.

8.6 REFINING

The lead bullion may contain many impu-
rities, depending on the original lead alloys in
the battery. Liquid lead is an excellent solvent
for a wide range of elements, and the bullion
can contain a large number of elements such
as Cu, Fe, Zn, S, As, Sn, Sb, Bi, the precious
metals, and sometimes also Ni, Co, Te. Second-
ary lead, especially from lead-acid batteries, is
typically less complex in composition than
primary bullions from lead concentrate smelt-
ing. It tends to contain higher amounts of Sb
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and considerably lower amounts of precious
metals.

The refining of lead can be done both pyro-
metallurgically and electrometallurgically. In
refining, we can distinguish between primary
and complex secondary bullions, secondary
bullion and oxidized bullion.

1. For primary and complex secondary bullions,
the full range of refining is required, starting
with decoppering followed by Sn, Sb, As
oxidation, precious metals refining and Bi
removal. Electrolytic refining is also a
possibility.

2. For secondary bullion, copper, tin and
antimony are the main impurities to be
removed. As the input of arsenic, silver and
bismuth is limited, no specific refining is
carried out for these elements.

3. Some smelters operate with highly oxidizing
conditions. Impurities such as Sn, As and Sb
report to the Pb-rich slag, and the bullion
only contains Cu and Ag. The subsequent
refining process is then limited to the removal
of copper and silver.

8.6.1 Pyrorefining

Pyrorefining is the most widely wused
refining method (Hayes et al., 2010). It consists
of a series of treatments, all of which aim at the
elimination of one or a family of similar impu-
rities. It typically occurs in a sequence of batch
processes.

8.6.1.1 Decoppering

In primary metal refining the copper is
removed by liquation: as the temperature is
lowered the solubility of copper in liquid lead
is exceeded and on top of the molten bath a
removable copper rich dross is formed. This is
partially done at the furnace before the bullion
enters the refinery. The Cu-rich particles float
to the surface where they assemble in a lead-
rich copper dross. If nickel or cobalt are present,
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they follow the copper. The remaining copper
or the initial copper for secondary metal pro-
cessing, where copper bullion levels are much
lower, can be removed by selective sulfidization
(i.e. fine decoppering). This is done by stirring
sulfur or pyrite into the lead bath at around
330 °C. The sulfur reacts to form CuS and
CupS. Sulfur also reacts with lead, but this reac-
tion is much slower in the presence of Ag and
Sn. Because of these slow kinetics, the lead
can be decoppered to 0.001 wt% Cu. Fine
decoppering is necessary for the efficiency of
the desilvering process, during desilvering cop-
per will interact with the added zinc and so
lower the removal of silver. It is also makes
the composition of the silver crust more com-
plex and so crust treatment is made more
difficult.

8.6.1.2 Removal of Sn, As, Sb

After decoppering, the liquid lead is heated
and oxidized. Oxidation can be done by air/-
oxygen injection or the Harris process. Air/
oxygen injection is typical for secondary
bullion. Tin is oxidized at 450—600 °C by
air injection or simple stirring. The resulting
product is a Pb/Sn oxidic dross, containing
mainly PbO. The antimony removal (“soft-
ening”) is carried out at higher temperatures
(600—750°C) and with oxygen. Often, a
separate reactor is used, to increase the anti-
mony content of the slag and produce a
lead-antimony slag.

In the Harris process, typically used for more
complex bullion, the molten lead is contacted
with a molten mixture of caustic soda (NaOH)
and sodium nitrate (NaNO3) at 450 °C. Arsenic,
tin and antimony are removed as arsenates,
stannates and antimonates. In practice, arsenic
and tin are first removed together, followed by
antimony. The arsenic, tin and antimony salts
are then treated hydrometallurgically, and even-
tually calcium arsenate, calcium stannate and
sodium antimonate are produced.
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8.6.1.3 Separation of the Precious Metals

Subsequently and mostly relevant for pri-
mary bullions, zinc is added to the molten
lead in the Parkes process. This creates a ternary
Zn—Ag—Pb alloy (triple alloy) containing
Zn—Ag intermetallics that can be skimmed off.
The silver content in the lead bullion is reduced
to around 2—8 ppm. The excess zinc (0.5—0.6%)
is removed from the lead by vacuum distillation
and treatment with molten caustic soda to levels
below 1 ppm. The triple alloy (30% Ag, 7% Zn
and 60% Pb) is vacuum distilled in order to
extract the zinc, which is reused in the process,
and then further processed in the precious
metals refinery.

Finally, bismuth is removed by addition of
calcium and magnesium in the Kroll—Betterton
process, through which a foam is formed that
contains CazBiy and Mg3Bip. NaNOjs is added
as a final treatment in order to remove excess
Ca and Mg, after which refined lead is obtained
with a purity of 99.97—99.99%.

8.6.2 Electrolytic Refining

Lead with an even higher purity can be ob-
tained by electrolytic refining of impure lead
anodes in fluorosilicic acid H,SiF¢ (Betts pro-
cess). Although less used than pyrometallurgi-
cal refining, both primary and secondary lead
producers produce refined lead using the Betts
process, especially when the Bi level of the
bullion is high (Gonzalez-Dominguez et al.,
1991). The lead is cast into anodes after decop-
pering. While dissolving the anodes during the
electro-refining, the elements that are electro-
chemically more noble than lead are collected
in the anode slimes from which Cu, As, Sb,
Bi and precious metals may be recovered. Fe
and Zn, which are less noble than Pb, go into
solution, but are not deposited as impurities
on the cathode. Sn and Sb, however, can be
reduced at the cathode. Due to the difference
in current efficiency at the anode and cathode,
a slight increase in the lead content in the
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electrolyte takes place. The lead content is
kept constant by removing some lead with a
number of separate electrowinning cells using
graphite anodes. The purity of the lead ob-
tained is above 99.99%.

8.7 CONCLUSIONS AND
OUTLOOK

Lead production and use has been growing
steadily over the last decades, mainly due to
the fact that lead-acid batteries remain the
battery of choice for standard SLI applica-
tions and stationary systems. It is expected
that this will not change in the near future
(Prengaman, 2009; Wilson, 2011). Recently
small electric motorbikes have adopted the
lead-acid battery, although the outlook for
this application may change. At the same
time carbon-enhanced lead-acid battery de-
signs are being developed specifically for
hybrid electric vehicles (Battery Council In-
ternational, 2013).

Due to lead’s physico-chemical properties as
well as its use in products that are conducive to
closing its materials life cycle, lead recycling has
been widely practiced and may be considered
exemplary. Even then, it is to be noted that the
fraction of recycled lead in the total global pro-
duction of the metal is estimated to be only
slightly above 50%.

There are a wide range of lead production
technologies in use. Each technology has its ad-
vantages and drawbacks, and choices are made
based on feed types as well as local situation
and preference. The adaptability of most tech-
nologies to at least partially treat secondary ma-
terials is remarkable, so much so that it is now
difficult to make a clear distinction between pri-
mary and secondary lead producers. It may be
expected that the drive toward the develop-
ment and use of flexible, clean and energy-
efficient technologies will continue for some
time.

II. RECYCLING — APPLICATION & TECHNOLOGY



110

References

Arnout, S., Nagels, E., Blanpain, B., 2011. Thermodynamics
of lead recycling. In: Proceedings of EMC 2011, p. 363.

Battery Council International, 2013. The Advanced Lead-
Acid Battery, the Greatest Unknown Recycling Story.
The Advanced Lead-Acid Battery Consortium
(02.11.13.). http://www.alabc.org/.

Badanoiu, G., Buzatu, T., 2012. Structural and physico-
chemical analysis of waste from used lead-acid batteries.
U.P.B. Sci. Bull., Series B 74 (1), 246—254.

Behrendt, H.-P.,, Fisher, M., 2013. Lead recycling and haz-
ardous waste incinerator with tradition and future. In:
Proceedings of EMC 2009. GDMB, p. 411.

Campforts, M., Foerier, S., Vasseur, K., Meskers, C., 2013.
Valorisation of critical metals from high temperature
residues at Umicore. In: 3rd Slag Valorisation Sympo-
sium, pp. 235—247.

Crompton, T.R., 2000. Battery Reference Book, third ed.
Butterworth-Heinemann, Oxford, UK.

Darling, 2013. http://www.daviddarling.info/encyclopedia/
L/AE_lead-acid_battery.html (02.11.13.).

Engitec, 2013a. http://www.engitec.com/PDF/LEADREFE.
pdf (Nov 2013).

Engitec, 2013b. http:/ /www.engitec.com/PDF/CXSYSTEM.
pdf (Nov 2013).

Forrest, H., Wilson, ].D., 1990. Lead recycling utilising short
rotary furnaces. In: Lead-Zinc '90. TMS.

Gonzalez-Dominguez, J.A., Peters, E., Dreisinger, D.B., 1991.
The refining of lead by the Betts process. Journal of
Applied Electrochemistry 21, 189—202.

Goris, D., June 2013. Do you know Metallo Chimique? In:
Recycling Metals from Industrial Waste, Workshop,
Golden, CO.

Gravita, 2013a. http://www.gravitatechnomech.com/Lead-
scrap/Lead-battery-scrap.html# (02.11.13.).

Gravita, 2013b.  http://www.gravitatechnomech.com/
equipments /rotary-furnace.html (Nov 2013).

Hayes, P.C., Schlesinger, M.E., Steil, H.-U., Siegmund, A.,
2010. Lead smelter survey. In: Siegmund, A,
Centomo, L., Geenen, C., Piret, N., Richards, G.,
Stephens, R.I. (Eds.), Lead Zinc 2010, 5th Decennial
Symposium. TMS, pp. 343—414.

ILA, 2013a. http://www.ila-lead.org/lead-facts/statistics
(02.11.13.).

ILA, 2013b. http://www.ila-lead.org/lead-facts/lead-
recycling (02.11.13.).

Jolly, R., Rhin, C., 1994. he recycling of lead-acid batteries:
production of lead and polypropylene. Resources, Con-
servation and Recycling 10, 137—143.

Kerney, U., 2010. Recyclex PB production in Nordenham
with bath smelting technology — an update. In:

8. LEAD RECYCLING

Siegmund, A., Centomo, L., Geenen, C., Piret, N,
Richards, G., Stephens, R.I. (Eds.), Lead Zinc 2010, 5th
Decennial Symposium. TMS, pp. 415—427.

Knezevi¢, M., Koraé, M., Kamberovi¢, Z., Risti¢, M., 2010.
Possibility of secondary lead slag stabilization in
concrete with presence of selected additives. Metal-
lurgical & Materials Engineering (MJoM) 16 (3),
195—-204.

Kopylov, N.I, Novoselov, S.S., 1964. The CujS-FeS-NayS
system. Russian Journal of Inorganic Chemistry 9 (8),
1038.

Kunicky, Z., 2013. Hydrometallurgical Treatment of Flue
Dust from Lead Blast Furnace, Especially for Chlorine
and Thallium Removal. Presented at the Meeting of the
GDMB Lead Experts Committee, Aachen, Germany,
May 15—17.

Li, D., Suo, Y., 2010. Oxygen bottom-blowing smelting
lead smelting technology by bottom blowing electro-
thermal reduction. In: Siegmund, A., Centomo, L.,
Geenen, C., Piret, N., Richards, G., Stephens, R.L.
(Eds.), Lead Zinc 2010, 5th Decennial Symposium.
TMS, pp. 483—486.

Martensson, C., 2013. “New Boliden Bergste, Landskrona,
Sweden: Safety and Environmental Work at Bergsoe”, in
GDMB Lead Experts Meeting.

Meurer, U., Plllenberg, R., Griesel, 2005. Developing QSL
technology to an economically superior process. In:
Fujisawa, T., Dutrizac, J.E.,, Fuwa, A., Piret, N.L,
Siegmund, A.H.—]. (Eds.), Proc. International Sympo-
sium on Lead and Zinc Processing; Lead & Zinc "05.
MMIJ] (Mining and Materials Processing Institute of
Japan), pp. 547—558.

Olper, M., Maccagni, M., 2009. The secondary Pb challenge —
the Engitec approach. Proceedings of EMC, 441.

Onisei, S., Pontikes, Y., Van Gerven, T., Angelopoulos, G.N.,
Velea, T., Predica, V., Moldovan, P, 2012. Synthesis
of inorganic polymers using fly ash and primary
lead slag. Journal of Hazardous Materials 205—206,
101-110.

Pizzocri, M., Maccagni, M., 2013. FA.S.T Pb process: its
impact on the new secondary lead facility. Proceedings
of EMC 2013, p. 549.

Prengaman, R.D., 2009. Lead industry — transition, evolu-
tion, and growth (abstract). In: Proceedings of EMC
2009, p. XVIL

Siegmund, A.H.—J., 2000. Primary lead production — a
survey of existing smelters and refineries. In:
Dutrizac, J.E., Gonzalez, J.A., Henke, D.M., James, S.E.,
Siegmund, A.H.—J. (Eds.), Proc. Lead-Zinc 2000. TMS,
pp- 55—116.

Siegmund, A., 2003. Modern applied technologies for pri-
mary lead smelting at the beginning of the 21st century.

II. RECYCLING — APPLICATION & TECHNOLOGY


http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0010
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0010
http://www.alabc.org/
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref7000
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref7000
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref7000
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref7000
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0020
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0020
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0020
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0025
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0025
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0025
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0025
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0025
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0030
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0030
http://www.daviddarling.info/encyclopedia/L/AE_lead-acid_battery.html
http://www.daviddarling.info/encyclopedia/L/AE_lead-acid_battery.html
http://www.engitec.com/PDF/LEADREF.pdf
http://www.engitec.com/PDF/LEADREF.pdf
http://www.engitec.com/PDF/CXSYSTEM.pdf
http://www.engitec.com/PDF/CXSYSTEM.pdf
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0035
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0035
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0040
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0040
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0040
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0040
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0045
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0045
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0045
http://www.gravitatechnomech.com/Lead-scrap/Lead-battery-scrap.html#
http://www.gravitatechnomech.com/Lead-scrap/Lead-battery-scrap.html#
http://www.gravitatechnomech.com/equipments/rotary-furnace.html
http://www.gravitatechnomech.com/equipments/rotary-furnace.html
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0050
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0050
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0050
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0050
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0050
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0050
http://www.ila-lead.org/lead-facts/statistics
http://www.ila-lead.org/lead-facts/lead-recycling
http://www.ila-lead.org/lead-facts/lead-recycling
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0055
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0055
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0055
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0055
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0060
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0060
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0060
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0060
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0060
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0060
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0060
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0065
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0065
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0065
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0065
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0065
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0065
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0065
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0065
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0065
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0065
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0065
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0070
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0070
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0070
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0070
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0070
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0075
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0075
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0075
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0075
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0075
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0075
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0075
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0080
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0080
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0080
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0080
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0080
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0080
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0080
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0080
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0080
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0080
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0085
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0085
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0095
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0095
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0095
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0095
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0095
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0095
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0095
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0100
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0100
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0100
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0105
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0105
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0105
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0105
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0110
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0110
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0110
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0110
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0110
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0110
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0110
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0110
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0110
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0115
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0115

REFERENCES

In: Kongoli, F, Itagaki, K., Yamauchi, C., Sohn, H.Y.
(Eds.), Proc. Yazawa International Symposium “Metal-
lurgical and Materials Processing: Principles and Tech-
nologies”, High-Temperature Metal Production, vol. 2.
TMS, pp. 43—62.

Siegmund, R., Prengaman, R.D., 2001. Grid alloys for auto-
mobile batteries in the new millennium. JOM 53 (1), 38—39.

Sinclair, R., 2009. The Extractive Metallurgy of Lead (CD).
Australasian Institute of Mining and Metallurgy. ISBN:
9781921522024.

Sofra, J., Hughes, R., 2005. Ausmelt technology operation at
commercial lead smelters. In: Fujisawa, T., Dutrizac, ].E.,
Fuwa, A., Piret, N.L., Siegmund, A.H.-]. (Eds.), Proc.
International Symposium on Lead and Zinc Processing;
Lead & Zinc '05. MMIJ (Mining and Materials Process-
ing Institute of Japan), pp. 511—528.

Stephens, R.L., 2005. Advances in primary lead smelting. In:
Fujisawa, T., Dutrizac, J.E.,, Fuwa, A., Piret, N.L,
Siegmund, A.H.-]. (Eds.), Proc. International Sympo-
sium on Lead and Zinc Processing; Lead & Zinc "05.

111

MMIJ (Mining and Materials Processing Institute of
Japan), pp. 45—72.

Stevenson, M.W., 2004. Recovery and recycling of lead-acid
batteries (Chapter 15). In: Mosely, P.T., Garche, J.,
Parker, C.D., Rand, D.A ]. (Eds.), Valve-Regulated Lead-
Acid Batteries. Elsevier, pp. 491—512.

Stevenson, M., 2009. Presentation at the International Sec-
ondary Lead Conference, Macau.

Stevenson, M., 2013. Private communication.

UNEP, 2013. Reuter, M.A., Hudson, C., van Schaik, A.,
Heiskanen, K., Meskers, C., Hageliiken, C. Metal Recy-
cling: Opportunities, Limits, Infrastructure. A Report of
the Working Group on the Global Metal Flows to the
International Resource Panel.

White, P., private communication, 12 Nov 2013. ILZSG press
release, 4 Oct 2013.

Wirtz, http://www.wirtzusa.com/battrec/product/44.htm
Nov 2013.

Wilson, D., 2011. Lead — a bright future for the grey metal?
World of Metallurgy Erzmetall 2011 (4), 196.

II. RECYCLING — APPLICATION & TECHNOLOGY


http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0115
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0115
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0115
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0115
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0115
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0115
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0120
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0120
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0120
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0125
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0125
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0125
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0130
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0130
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0130
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0130
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0130
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0130
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0130
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0135
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0135
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0135
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0135
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0135
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0135
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0135
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0140
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0140
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0140
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0140
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0140
http://www.wirtzusa.com/battrec/product/44.htm
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0145
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0145
http://refhub.elsevier.com/B978-0-12-396459-5.00008-8/ref0145

CHAPTER

9

Zinc and Residue Recycling
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Gernot Rasler, Christoph Pichler, Rene Rumpold

University of Leoben, Austria

9.1 INTRODUCTION

Annual global production of zinc is more
than 13 million tons. More than 50% of this
amount is used for galvanizing while the rest
is mainly split into brass production, zinc-
based alloys, semi manufacturers and zinc com-
pounds such as zinc oxide and zinc sulfate
(World Bureau of Metal Statistics).

Zinc is recycled at all stages of production
and use—for example, from scrap that arises
during the production of galvanized steel sheet,
from scrap generated during manufacturing
and installation processes, and from end-of-
life products. The presence of zinc coating on
steel does not restrict steel’s recyclability, and
all types of zinc-coated products are recyclable.
Zinc-coated steel is recycled along with other
steel scrap during the steel production proc-
ess—the zinc volatilizes and is then recovered.
For the zinc and steel industries, recycling of
zinc-coated steel provides an important new
source of raw material. Historically, the genera-
tion of zinc-rich dusts from steel recycling was
a source of loss from the life-cycle (landfill);
however, technologies today provide incentive
for steel recyclers to minimize waste. Thus,
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the recycling loop is endless—both zinc and
steel can be recycled again and again without
losing any of their physical or chemical proper-
ties (International Zinc Association, 2013;
www.zinc.org/sustainability /resourceserve/
zinc_recycling_closing_the_loop; http://
www.zinc.org/applications/news/zinc_
environmental_profiles_published).

Depending on the composition of the scrap
being recycled, it can either be remelted or
returned to the refining process. A classifica-
tion of recycling related to different scrap
types and treatment processes is given in
Table 9.1.

The overall recycling rate is difficult to
define because of the wide lifetime range of the
various zinc products. Therefore, typical values
are between 15% and 35%, depending on which
types of scraps are considered as recycled mate-
rials. However, the recycling rate of zinc is
increasing, underlining the considerable impor-
tance of this industry in the world’s zinc produc-
tion (International Zinc Association, 2013;
www.zinc.org/sustainability /resourceserve/
zinc_recycling_closing_the_loop; http://www.
zinc.org/applications/news/zinc_environmental
profiles_published).

Copyright © 2014 Elsevier Inc. All rights reserved.
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TABLE 9.1 Sources and Type of Secondary Zinc (www.zinc.org/sustainability/resource-
serve/zinc_recycling_closing_the_loop)

Type of Scrap

Residue and

Steel Filter

Scrap Source  Drosses (NS) ~ Whole Products (OS)  Dust (OS) Recovery Process

Brass 4 I - Remelting

Die casting - I - Remelting

Galvanizing I - I Remelting (NS)
Refining (OS)

Rolled zinc I I - Remelting

Other 17 17 I Remelting (NS)
Refining (OS)

OS, old scrap; NS, new scrap.

In the following sections, the main processes
for zinc recycling from different scraps and res-
idues are described. An overview of the various
residues as well as the related recycling pro-
cesses and products is provided in Figure 9.1.

The remelting of alloys is one major field in
zinc recycling. However, because of its rather
simple process technology, it is not described
in detail.

9.2 ZINC OXIDE PRODUCTION
FROM DROSSES

The way the production of zinc oxide is car-
ried out today was developed by Le Claire in
France in 1840, by burning metallic zinc in air—
the so-called “French process”. At the same
time in America, a different production route
was developed—the so-called “American” or

Metallic scrap Drosses from Oxidic residues Dusts from Steel mill dusts Slags from
e.g. zinc, brass, other alloys galvanizing high quality copper industry | | cupola furnace dusts lead industry
T
1
1
1
1
1
i
v
Remelting Volatilization Reduction-volatili- Hydrometallurgical | | Reduction-volatili- | | Volatilization and
and reoxidation zation and reoxidation treatment Zzation reoxidation reoxidation
or condensation (solid state) (solid state) (liquid state)
Brass. allovs High quality zinc oxide Zinc sulfate Impure zinc oxide Zinc oxide
! Y or zinc dust Zinc carbonate concentrate concentrate

FIGURE 9.1 Main processes for zinc recycling from different residues.
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“direct process”. The name originated from the
possibility to make direct use of oxidic ore and
other oxidic secondary materials such as ashes,
clinker and top dross from hot tip galvanizing
(Zinc REACH Consortium; Yanlong and Longda,
2010; UCA Lanka Pvt Ltd).

Either the French or the American process
makes use of the volatility of metallic zinc. So
metallic zinc is melted or oxides are reduced to a
metal and vaporized at temperatures above
907 °C—typically about 1000 °C. Due to an excess
amount of air, the metallic zinc immediately reacts
to ZnO in an exothermic reaction and a bright
luminescence. Because of that, purification can
be achieved within the production process. Crit-
ical elements are those with similarly high or
higher values, like cadmium, bismuth, magne-
sium or manganese. In both the French (indirect)
and American (direct) processes, air is used as a
cooling and an oxidation agent for the vaporized
zinc. Furthermore, the excess air works as a trans-
portation medium for the zinc oxide particles to
the product filter house (Zinc REACH Con-
sortium; Yanlong and Longda, 2010; UCA Lanka
Pvt Ltd).

The third method used for ZnO productionis a
hydrometallurgical one based on zinc hydroxide
or zinc carbonate production as a semi-finished
product. The advantage of this method is the
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possibility of several cleaning steps before the
product is obtained. Because of that, a wide vari-
ety of possible raw materials can be used, but it
goes hand in hand with increasing process
complexity. The semi-finished product is then
processed to ZnO using thermal treatment.
Depending on the thermal conditions, the specific
surface area is adjusted (Zinc REACH Con-
sortium; Yanlong and Longda, 2010; UCA Lanka
Pvt Ltd).

As shown in Figure 9.2, a distinction can be
made for the main processes used for ZnO pro-
duction, including their raw materials.

An alternative to the three processes in
Figure 9.2 for high purity zinc oxide production
is a fourth special option, namely the Larvik
furnace. The Larvik furnace can be split into
three zones—melting, vaporization and separa-
tion. The input material is similar to that of the
French process, but one special difference is
that this concept has a significantly higher
acceptance of impurities, like lead, iron, etc.
Possible materials are again bottom dross, crude
skimming or grinded skimming. Additionally,
the required melting heat is provided by the
enthalpy of the off-gas in the vaporization
zone. Nonmeltable components are removed
from the liquid metal surface in the melting
zone. Special attention is given to aluminum in

Oxidic zinc raw material / : Metal residues/
. Zinc metal
ashes/ clinker scrap
Metallic residue Zinc salt solution
|
v
: - Wet chemical
Direct process Indirect process process
ZnO

FIGURE 9.2 Different ways for ZnO production and utilized raw materials.
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FIGURE 9.3 Breakdown of global
zinc oxide usage into its utilization
areas.

the input material, because a skin on the zinc
metal surface can be formed by aluminum ox-
ide, preventing continuous vaporization. A
phosphorus addition is necessary to form a
eutectic alloy with iron with the aim of a low
liquidus temperature (lower than 1500 °C).
This offers the opportunity for a continuous sep-
aration of the iron. The iron alloy sinks to the
bottom as a result of the higher density and is
collected in the casting area. The same occurs
with the lead present, forming a third liquid
metal layer in the furnace.

9.2.1 Quality, Market and Utilization
Areas

Commercial grades of zinc oxide can be
found—depending on their quality—in a wide
range of utilization areas, starting from spe-
cialties such as the semi-conductor or the tire in-
dustry in case of high purity products (typically
French process), its usage in everyday situations
like sun creams or as a product with slightly
lower quality in the ceramics industry or as a
food additive for animals (typically American
process). Aside from the product quality, prop-
erties such as specific surface area, coatings or
individual customer requirements influence
the decision for the chosen/required ZnO pro-
duction process.

Compared by weight, most of the high purity
ZnO produced is manufactured by the French
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Rubber & tire
Ceramics & glass
Chemical
Agriculture
Paints & coatings
Other

process, having a market share of about 60%.
American quality zinc oxide follows with
slightly less than 40%, and only a minor
amount, typically utilized in special fields, is
manufactured by the wet route (Zinc REACH
Consortium). The estimated global capacity of
zinc oxide production was 1,887,000 metric
tons per year in 2010. The real consumption
was 1,326,000 tons worldwide in the fields of
utilization as depicted in the pie chart in
Figure 9.3 (Schlag, 2011; Hassall, 2010).

9.3 ELECTRIC ARC FURNACE
DUST AND OTHER PB, ZN,
CU-CONTAINING RESIDUES

When steel scrap is processed in an electric
arc furnace (EAF), about 15—23 kg of dust are
formed per tonne of steel, which, referring to
steel production for 2012, translates to between
6.7 and 10.3 million tpa of EAF dust being pro-
duced. Table 9.2 provides a summary of the
composition of EAF dust as well as other zinc-
and lead-containing residues.

Because of economic reasons, low landfill
costs, relatively low zinc and lead metal prices,
etc., the Waelz kiln, in Figure 9.4, is still the
preferred route for processing EAF dust to pro-
duce a Waelz oxide and other products, as
shown in Table 9.3. The first step in this process
is an agglomeration of the raw materials with
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TABLE 9.2 Typical Zn & Pb-containing Raw Materials as well as Important Zinc Drosses and Ashes (Schneider et al.,
2000; James, 2000)

Zn (%) Pb (%) Fe(%) FeO (%) Cu(%) Al(%) Cl(%) C(%) SiO, (%) H,0 (%)

Filter cake cupola 31 3 - 10 0.2 — 0.4 1 15 45
furnace

Dust from copper and 43 20 - 0.6 3 - 5 0.6 1 0.3
brass industry

Dust cupola furnace 31 0.1 - 23 - - 0.5 5 13 0.4
EAF dust 23 0.1 - 35 0.1 - 0.6 2 1 10.6
Lead dust 2 68 - 5 - - 0.2 2 - 10.4
Zinc-lead oxide 44 15 - 4 0.4 - 4 0.6 1 1.8
Neutral leach residue 18 7 - 33 1.6 - - 0.2 3 30

Galvanization dross 92-94 1.0-16 1-3 — — — — — — —

HD galvanizing ash 60-75 0.5-20 02-08 - - 2-5 - - -
Cont. galvanizing ash ~ 65—-75 0.1-0.5 02-08 - - 01-05 05-2 - - -
Die-casting dross 90-94 0.1-0.2 Low - - 1-7 - - - -
Sal skimmings 45-70 05-2.0 0.2-08 — - - 15-20 - - -
Brass fume 40—65 05-7.0 1-2 - - - 2-7 - - -
Die-casting ash 55—60 0.1-0.2 Low - - 3-10 Low - - -
Ball mill ash 55—65 0.1-1.0 02-08 - - - 2-5 - - -

Zinc dust/overspray 92-95 12 01-05 - - - - - - -

EAF, electric arc furnace.

—

5 i

EN|

FIGURE 9.4 Waelz kiln for the processing of EAF dust (Pawlek, 1983). a: Material feeding; b: reel carriers; c: Waelz kiln; d:
burner; e: discharge head; f: slag reel carriers; g: slag pit; h: scrapper; i: slag removal; k: sealed air fans; 1: dust settling
chamber; m: evaporation cooler; n: low-grade Waelz oxide transport; o: electrostatic precipitator; p: Waelz-oxide transport; r:
flue gas blower; s: stack.
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TABLE 9.3 Typical Analyses of the Products of a Waelz Kiln (Meurer, 2000)

Zn (%) Pb (%) Cd (%) F (%) C (%) FeO (%) Fe(metallic)/Fe Basicity
Waelz slag 02-2.0 05-2 <0.01 0.1-0.2 3-8 30-50 80—90
Basic 1.5—4.0
Acidic 0.2—0.5
Waelz oxide 55—-58 7-10 0.1-0.2 04-0.7 0.5-1 3-5 —
Leached Waelz oxide  60—68 9-11  0.1-0.3 0.08—0.15 1-1.5 4-7 —

reduction agents and slag-forming additives. As
the process would not be economical, the mini-
mum content of Zn in the feed material should
not be less than 18%. A slight decline of the
kiln leads the material to move through the
furnace very slowly while it is heated up by
the gas which is counter current flowing
through the kiln (Kozlov, 2003; Riitten, 2009).
Minimum temperatures of 1000 °C are neces-
sary for a total reduction of zinc- and lead-
containing residues. Figure 9.5 illustrates the
principal reactions that take place in the slowly
rotating Waelz kiln, which can be longer than
100 m. The reduced Zn, because of its high vapor
pressure, is volatilized as Zn gas and then com-
busted to form ZnO powder, which is collected
in a filter, as shown in Figure 9.4. The combust-
ing zinc liberates heat, which is an important
part of the heat balance of the kiln. Similarly,
other metals such as Pb, Cd and Ag (if present

in other residues also fed to the furnace) are
also volatilized and collected in the flue dust.
Although the Waelz kiln process is the best avail-
able technology, improvements in the whole pro-
cess were introduced in the past few years. An
example is the reduction and subsequent reoxi-
dation of the iron in the kiln which is within
the feed material and later in the Waelz slag, to
reduce the coke and natural gas consumption
and increase the throughput and zinc output,
respectively. Usually the fed rate of coke is over-
stoichiometric regarding the requirements but
with this invention, the coke consumption is
lower, which is also combined with lower CO»,
emissions (Kozlov, 2003; Riitten, 2009).

The process itself starts in the upper part of
the furnace, where the feed material is charged
or the Waelz oxide leaves the furnace, respec-
tively. Here the charged material is dried at tem-
peratures up to 150 °C. In the following section

Reactions in gas phase (oxidizing)

Zn + % Oy — ZnO
CO+%0,—CO,

Zn +CO + 0, — ZnO + CO,
Escaping CO gas and Zn vapor

Reactions in the charge (reducing)

ZnO + CO - Zn + CO, FeO + CO — Fe + CO,
CO,+C—-2CO CO,+C—-2CO
Zn0+C —Zn+CO FeO+C — Fe+ CO

FIGURE 9.5 The main reactions in a Waelz kiln (Antrekowitsch and Griessacher, 2009).
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volatile matter evolves from the coke since the
temperature increases up to 500 °C. At 900 °C
the sulfates and carbonates are decomposed
and halides are volatilized. The main reaction
of the zinc starts in the second half of the Waelz
kiln. The final step in the kiln is the reoxidation
of the iron at the discharge head to form the slag
at temperatures up to 1120 °C. Then the Waelz
slag is discharged and led to a slag granulation
plant for cooling down. The oxygen supply for
reoxidation of zinc and the iron is delivered by
leakage air at the discharge head of the slag in
the lower part of the kiln. Because of the optimi-
zation of the process (reduction of iron), there is
almost no additional energy necessary for the
endothermic chemical reactions in the Waelz
kiln (Kozlov, 2003; Riitten, 2009).

The high zinc-containing Waelz oxide leaves
the furnace in the upper part of the kiln with
the off-gas (Np, CO,, HyO, CO and Oy) and is
collected in a dust settling chamber (Kozlov,
2003; Riitten, 2009). The Waelz oxide produced
is processed in a zinc plant to generate London
Metal Exchange grade zinc. However, un-
wanted compounds, especially halogens pre-
sent in the EAF dust, are also introduced into
the Waelz oxide. Therefore, most Waelz kilns
need to have an additional soda-washing step
to allow low enough fluorine and chlorine con-
taminations so that utilization in primary zinc
metallurgy is possible without harming the elec-
trolysis process. Even though the washing step
removes a major amount of the halogens, it is
generally not possible to substitute more than
15% of the primary concentrate by Waelz oxide
as a result of the above-mentioned reasons.

Over the last decades, a significant number of
alternative processes have arisen. To save energy
by avoiding high temperatures, numerous hy-
drometallurgical concepts have been developed.
Almost all of these concepts have failed because
of their inability to dissolve zinc ferrite, a major
component of the EAF dust, or because of com-
plex process routes. Today, only the EZINEX pro-
cess can be named as the hydrometallurgical
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alternative in operation on an industrial scale.
Nevertheless, the share of hydrometallurgical
techniques in EAF dust recycling is far below 5%.

Pyrometallurgical alternatives are mostly
based on carbothermal reduction, as is the
Waelz process. The main difference is the facility
used, and for some of the developments, the
attempt to also recover iron in a recyclable
form. Typical examples are:

* Rotary hearth furnaces (zinc oxide and iron
sponge)

® Multiple hearth furnace (zinc oxide and iron
alloy)

¢ Direct melting, e.g. inductive (zinc oxide and
iron alloy)

None of the concepts described were able to
bring more than one or two units to industrial
scale because of problems with excessively
high energy consumption, refractory lining
and remarkably low quality of the iron product.

Therefore, the Waelz process currently domi-
nates EAF dust recycling with a share of more
than 90%.

9.4 ZINC RECYCLING FROM
COPPER INDUSTRY DUSTS

Nowadays, the processed primary and espe-
cially secondary raw materials in copper smelt-
ing contain significant amounts of zinc. Table 9.4
gives an overview of the copper sources used
and their zinc content.

Basically, the primary production can be
divided in smelting, converting, pyrometallur-
gical and finally hydrometallurgical refining.
Secondary materials are processed similarly.
Only the smelting step and the converting con-
ditions vary, based on the raw material input.

As canbe seen in Table 9.4, the secondary sour-
ces show quite high zinc concentrations, while
primary concentrates are rather low in zinc.
Nevertheless, the necessity of cooling scrap in
the converting and refining step leads to zinc
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TABLE 9.4 Raw Materials for Copper Production
(Edelstein, 2013; Rentz et al., 1999;
Muchova et al., 2011; Ayhan, 2000;
Yamane et al., 2011; Barroso, 2010;
Balladares, 2011; Rumpold and
Antrekowitsch, 2013)

Type of Material Cu (%) Zn (%)
Copper concentrate ~30 0-2
Copper alloy scrap 36—98 0—43
Slags 10—-50 2-10
Drosses 10-50 2-20
Sludges 0—40 0—20
Dusts 1-30 5—40
Nonferrous shredder 10—60 0-20
Electronic scrap 7-20 1-6

inputs also in the primary production route.
Because of the high vapor pressure and affinity
to oxygen, impurities can be removed easily via
the slag and dust phase. The slags from copper
metallurgy are treated by a reduction step to
recover entrained copper. Consequently, enclosed
zinc oxide is also reduced and volatilized. That
means the major portion of zinc is concentrated
in the flue dusts, which represent potential zinc
secondary raw materials. Table 9.5 shows the
different primary and secondary process steps
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as well as compositions of their flue dusts
(Barroso, 2010; Balladares, 2011; Rumpold and
Antrekowitsch, 2013; European Commission,
2013; Hanusch and Bussmann, 1995; Litz, 1999;
Piret, 1995).

Besides the given valuable metals, such mate-
rials contain harmful contaminants like halogens
from secondary sources. Primary zinc produc-
tion, in particular the electrowinning process, is
very sensitive to chlorine and fluorine. Conse-
quently, flue dusts from the copper industry
are not suitable for application in the primary
zinc industry, although high zinc contents are
present (Antrekowitsch and Offenthaler, 2010).

Based on the complexity of these materials,
their recycling requires specific procedures,
including hydrometallurgical or pyrometallur-
gical processes.

The hydrometallurgical methods offer
numerous options to recover the valuable
metals from flue dust. In principle they are
leached completely or partly, followed by a se-
lective extraction. Very often a halogen removal
is carried out first, since moderate to low values
can be achieved by simple water or soda
washing.

The conventional technology for the recycling
of secondary copper dusts is leaching with
ulfuric acid followed by cementation and finally
crystallization of zinc sulfate. Lead and tin are
not soluble at these conditions and can be sepa-
rated by filtration. The lead- and tin-rich filter

TABLE 9.5 Flue Dusts from the Copper Industry (European Commission, 2013; Hanusch and
Bussmann, 1995; Litz, 1999; Piret, 1995)

% Smelting Converting Slag Treatment Refining Smelting Converting
Primary Secondary

Zn 0.1-10 5-70 25—60 5-40 20—60 25—70

Pb 0.1-5 2-25 2—15 2-20 5-50 5-30

Sn 0.1-1 0.1—4 - - 0.2-5 1-20

Cu 5-30 1025 0.5-2.5 15-25 2-12 2-15
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cake can be processed in the lead industry. In the
next step, copper is removed from the solution
by cementation. Therefore, iron scrap or zinc
represent potential cementation agents. The
advantage of zinc is that no iron is added in
the process. When iron is already present in
the solution, scrap can be used as a cementation
agent, since it is cheaper and has to be removed
anyway. Finally, zinc is recovered by the crystal-
lization of zinc sulfate (Piret, 1995; Jha et al.,
2001).

Another relatively similar approach is to
separate the zinc selectively via solvent extrac-
tion from the solution and to recover it by elec-
trolysis. This technology is known as the
ZINCEX process, but because of the risk of chlo-
rine and organic contamination of the electro-
lyte, it is not widely applied as of yet (Piret,
1995; Jha et al., 2001; Martin et al., 2002).

Beside the typical sulfuric acid-based pro-
cesses, ammonia can also be used to recover
valuable metals. The EZINEX process repre-
sents the most common method using this me-
dium. In so doing, ammonia chloride is used
to dissolve the heavy metal fraction (except
iron), followed by solution purification via
cementation with zinc. In the end, the pure
zinc is recovered by a novel electrolysis, which
represents the core of the EZINEX technology.
Instead of the sulfate system, which is usually
used in the zinc industry, a chloride-based elec-
trolysis is applied (Piret, 1995; Jha et al., 2001;
Olper and Maccagni, 2008).

The leaching of metal oxides with NH3-
(NH4),CO3 is an alternative ammonium treat-
ment, but because of the interference of chlorides,
halogen removal in advance is necessary. After
the solution purification by cementation, zinc car-
bonate can be precipitated (Jha et al, 2001;
Schlumberger and Biihler, 2012).

A relatively new method is given by the
so-called FLUREC process. It leaches the heavy
metal fraction with a hydrochloric acid-
containing solution. The subsequent cementa-
tion removes lead, copper, etc. and enables a
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selective solvent extraction. After reextracting
the zinc into a sulfuric acid solution, high purity
zinc can be recovered by conventional electrol-
ysis (Jha et al., 2001; Schlumberger and Biihler,
2012).

The pyrometallurgical processes are used
only rarely for copper dust recycling. The avail-
able process reduces the metal compounds con-
tained. Furthermore, soda is added to fix sulfur
in the slag. High temperatures lead to a zinc
concentration in the flue dust. Remaining lead
and tin form a marketable alloy. In fact, only
high tin and lead contents in combination with
low halogen concentrations justify such a pro-
cessing. Therefore, this process is not suitable
for modern secondary copper dusts (Piret,
1995; Steinlechner and Antrekowitsch, 2013).

9.5 FUMING OF SLAGS FROM LEAD
METALLURGY

Lead concentrates are usually accompanied
by zinc in the form of zinc sulfide. During roast-
ing, the zinc sulfide turns into zinc oxide. Espe-
cially in the shaft furnace process for lead
production, the reduction rate is set in such a
way that lead is reduced while zinc stays as ox-
ide and mainly ends up in the slag. Typical zinc
values allowing an economical recovery can be
found in the range of 8—12%, depending on
the current zinc price (Koch and Janke, 1984;
Krajewski and Kriiger, 1984; Ullmann’s Encyclo-
pedia, 2007; Piillenberg and Hohn, 1999; Jak and
Hayes, 2002).

The slag fuming is based on the reduction
with carbon according to the following
equation:

ZnO(s) + CO(g) — Zn(g) + CO»(g)
Zinc evaporates and is reoxidized in the off-

gas system, generating a high zinc-containing
dust that is collected in the baghouse.
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FIGURE 9.6 Reactions between
gas, char and slag during the slag
fuming process (Piillenberg and
Hohn, 1999).

A typical furnace for this process is a
rectangular-shaped hearth furnace. The pro-
cessing temperature of the slag is above
1200 °C. The char particles mixed with air are
blown into the molten slag, generating reducing
gas bubbles. Figure 9.6 illustrates such a gas
bubble with an enclosed char particle explain-
ing the relevant reactions between gas, char
and slag.

The reduced zinc accumulates as zinc vapor
in the gas bubbles. Triggered by the Boudouard
reaction, the generated COy(g) reacts with

9. ZINC AND RESIDUE RECYCLING

ZnO

FeO,

particle

FeO

PbO

carbon from the char to 2CO(g). This regenera-
tion of CO(g) leads to constant high reducing
conditions in the gas bubble, which results in a
high zinc recovery yield. If a Zn(g)-containing
gas bubble reaches the bath level, the zinc vapor
goes into the furnace atmosphere and reacts via
postcombustion with Op(g) or CO,(g) to pro-
duce ZnO. Typical zinc recovery yields of about
87.5% are observed. Depending on the process
conditions, lead oxide is also recovered from
the slag. In Table 9.6, typical data for the slag
fuming process are presented.

TABLE 9.6 Typical Data for Fuming of Lead Blast Furnace Slag (Koch and Janke, 1984; Krajewski and Kriiger, 1984;
Ullmann’s Encyclopedia, 2007; Sundstrom, 1969; Jak and Hayes, 2002)

Capacity (/day) ~ Cu (%)  Pb (%) Zn (%) Fe (%) CaO (%)  SiO, (%)
Charged slag 655 0.8 0.1-2.6 107-183  256-305  19-152  21.0-317
Treated slag 600 04 001-0.03  2.6—038 264-342  53-177  30.0-383
Dust 119 0.1 125-139  58.6—660 02 - 03

Matte 16 226 02 0.7 418 - -
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Recycling of Rare Metals

Elinor Rombach, Bernd Friedrich

IME Process Metallurgy and Metal Recycling, RWTH Aachen University,

Intzestrale 3, Aachen, Germany

Conventional recycling processes for rare
metals are often based on the process routes of
mass metals (e.g. Cu, Pb, Zn, Al). Because of
low metal contents and production volumes
of rare metals, it is not always economical to
operate a specific recycling process. In these
cases pretreatment or material conditioning
steps are used to produce anthropogenic (recy-
cling) concentrates, which are introduced in
conventional extraction processes. Such concen-
trates do not necessarily have very high concen-
tration levels of rare metals, but should be
minimized in specific impurities, which are
known for disturbing the ongoing process units.
In this context it should be noted that geogenic
(primary winning) and anthropogenic (second-
ary recycling) process chains widely overlap;
i.e. they are not always clearly separated from
each other. This is shown for indium and tellu-
rium, for example (Figure 10.1).

Usually (pretreated) anthropogenic concen-
trates, recycling raw materials or intermediate
products are introduced in pyro- or hydrometal-
lurgical metal winning process routes, to in-
crease their trace element amounts (parts per
million ranges of In, Te) up to ranges of a few
percent. Byproduct processes, i.e. extraction
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steps for indium and tellurium, need higher
adequate metal contents (>0.1% In, >1% Te).
Corresponding materials are, for example,
anode slime (copper winning), lead/copper
dross (lead winning) or leach residue (zinc
winning) as well as slightly contaminated pre-
consumer photovoltaic scraps (wafer scrap,
sputter targets). For end-of-life (EOL) scrap,
i.e. complex composite materials with high im-
purity concentrations as present in printed
circuit boards, purely hydrometallurgical pro-
cesses are difficult to realize, liable to technical
limitations and therefore not recommended
(Hageliiken and Meskers, 2010). Especially in
the field of rare metals recycling, the selection
of suitable process modules for metal concentra-
tion is of particular importance.

Most of the rare metals, described in this chap-
ter, are used as key metals in numerous technical
applications and were classified as “critical
raw materials for the EU” by the European Com-
mission in 2010 (see European Commission-
Enterprise and Industry, 2010). For these rare
metals main end-use-markets and a selection of
developed and especially commercial practiced
recycling routes are illustrated. However, since
a large number of process alternatives are used,

Copyright © 2014 Elsevier Inc. All rights reserved.
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Geogenic concentrates with trace elements (>50 ppm indium and/or >50 ppm tellurium)
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FIGURE 10.1 Summary of current reclamation and recycling routes for indium and tellurium. EOL, end-of-life.

which are also partly highly complex, no claim of
completeness can be raised in this document.

10.1 PRECIOUS METALS

The group of eight precious metals (PMs) can
be basically distinguished as silver (Ag), gold
(Au) and platinum group metals (PGMs). The
PGMs comprise six transition metals, three light
PGMs (atomic numbers 44—46): ruthenium
(Ru), thodium (Rh) and palladium (Pd) and
three heavy PGMs (atomic numbers 76—78):
osmium (Os), iridium (Ir) and platinum (Pt).
All these metals are of high economic value
and have similar chemical and physical proper-
ties, such as high melting point, low vapor pres-
sure, high temperature coefficient of electrical
resistivity and low coefficient of thermal expan-
sion. Moreover, all PGMs have strong catalytic
activity. Main end-use markets for PMs are as
follows (European Commission-Enterprise and

Industry, 2010; Loferski, 2012; U.S. Geological
Survey, 2013):

catalysts: Pt, Pd and Rh are used for
automotive catalytic converters and diesel
particulate filters to reduce air pollution.
PGMs are also used as catalysts in the
chemical industry and for petroleum
refining. Ag is used as a catalyst in oxidation
reactions, e.g. the production of
formaldehyde from methanol. For 2012, the
PM distribution in this end use was estimated
as Pd: >71%; Pt: >31%; and Rh: 69%.
Electric/electronics: In this sector PGMs are
used in a variety of applications, such as
computer hard discs (Pt, Ru), multilayer
ceramic capacitors (Pd) or hybridized
integrated circuits. Iridium crucibles were
used in the electronics industry to grow
high-purity single crystals for use in various
applications, including single-crystal
sapphire, which was used in the production
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of backlit light-emitting diode displays in
televisions and other electronic devices. The
high conductivity of Ag and Au makes them
an important component in electrical and
electronic equipment. For 2012 the PM
distribution in this end use was estimated as
Ag: 32%; Au: 5%; Pd: >16%; Pt: <23%; Ru:
62%; and Ir: 55%.

Coins/jewelry/silverware: In 2011 the largest
proportion of gold use (66%) as well as
approximately 30% of silver and 20% of PGM
use went into these nonindustrial, decorative
uses.

Photography/mirrors/glass industry: As
silver has the highest optical reflectivity of all
metals, its use in photography and mirrors is
self-evident. However, demand for Ag in
photographic equipment has been on the
decrease since the introduction of digital
cameras since the late 1990s. Platinum
equipment was used in the glassmaking
industry because of its high melting point
and resistance to corrosion. Rhodium is used
for flat-panel glass. For 2012 the PM
distribution in this end use was estimated as:
Ag: >10%; Pt: 7%; Rh: 9%.

Other applications: These applications
include dental alloys, solar panels, water
treatment, batteries, Radio-frequency
identification (RFID) tags and investment tools.

Global mine production of PMs was estimated
for 2012 (U.S. Geological Survey, 2013): Ag:
24,000 t/year; Au: 2700 t/year; Pd: 200,000 kg/
year; and Pt: 179,000 kg/year. Global consump-
tions for other PGMs were reported for 2011
(Loferski, 2012): Rh: 28,200kg/year; Ru:
25,100 kg/year; and Ir: 9360 kg/year. Because of
the high economic value of the PMs and their
noble (electro-)chemical properties, recycling
activities are principally well established, espe-
cially for preconsumer, photography, special
catalyst and coins/jewelry scraps. But because
of the open character of their lifecycles, the recov-
ery of PMs is also limited, especially for
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postconsumer scrap with dissipative uses, as
e.g. Pt/Ru in computer hard disks. Therefore
the challenge in PM recycling from consumer
applications is the collection and channeling
through the recycling chain to different
metal recovery processes. Some sector-specific
EOL-recycling rates are reported as (UNEP, 2011):

90—100% For Ag, Au, Pd, Pt in jewelry/coins/

silverware.

80—90% For Pd, Pt, Rh in industrial applications,
(including process catalysts/

electrochemical, glass, mirror, batteries).

>30—<60% For Pd, Pt, Rh in vehicles, (including
automotive catalysts, spark plugs, Ag-pastes

but excluding car-electronics).

For Ag, Ir, Ru in industrial applications,
(including process catalysts/
electrochemical, glass, mirror, batteries).

For Ag, Rh in other applications, (including
decorative, medical sensors, crucibles,
photographic, photovoltaics).

0—15% For Ag, Au, Ir, Os, Pd, Pt, Rh, Ru in

electronics.

10.1.1 Scrap Metallics, Alloys, Sweeps
Minerals and Photographic Materials

PM winning and recycling processes are
common (Figure 10.2). They exploit the chemi-
cal properties of these metals (e.g. reactivity
and oxidation) and use a variety of separation
techniques. Typically there is much more silver
and gold than PGMs. Many of the processes use
very reactive reagents or produce toxic prod-
ucts, and these factors are taken into account
by using containment, fail-safe systems and
sealed drainage areas to minimize losses. This
is further driven by the high value of the
metals. Many of the processes are commercially
confidential and only outline descriptions are
available. One feature of the industry is that,
generally, the PMs are recovered on a toll basis,
which can be independent of the metal value.

II. RECYCLING — APPLICATION & TECHNOLOGY
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FIGURE 10.2 Example of a general flowsheet for PM recovery (European IPPC Bureau, 2013). PGM, platinum group metal.

Much of the processing is therefore designed to  from side-streams during normal processing
accurately sample and assay the material as (European IPPC Bureau, 2013).

well as recover it. Sampling is carried out after The individual process steps and technolo-
the material has been processed physically or gies used in practice are designed for possible
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recycling materials, product quality require-
ments and specific frame conditions in a given
location. The main stages in the recovery of
PMs can be summarized:

1. Pretreatment and preconcentration of the
feedstock, sampling and assay.

2. Concentration, extraction and separation of
PMs by pyro- and hydrometallurgical
techniques (melting, volatilization, chemical
dissolution, precipitation, liquid—liquid
extraction, distillation of tetraoxides, ion
exchange, electrolytic processes, etc.).

3. Refining (purification, pyrolysis, reduction,
etc.) to PM-rich residues or pure metals.

Important recycling sources for Rh are used
automotive catalysts and catalysts from the
chemical industry. In the case of Ru, recycling
of preconsumer scrap plays an important role.
This results from the fabrication of Ru sputter
targets, which are used in the electronic indus-
try mainly for manufacturing of hard disk
drives; usually only 10% of the Ru ends up
on the substrate. The biggest portion of Ir-
containing recycling materials originates from
electrochemical applications (Kralik et al., 2011).

10.1.2 WEEE

Complex EOL scraps like waste of electrical and
electronic equipment (WEEE) are commercially
integrated in adapted conventional smelter—
refinery processes. Mainly copper and lead cycles
are used to collect PMs:

¢ Integrated “primary smelters” like Boliden,
Ronnskar (Sweden) or Aurubis, Hamburg
(Germany) are focusing on copper
concentrates, but the upgrading of the
flowsheet and the off-gas treatment enables
them to recover PMs as byproducts.

® “Secondary smelters” like Umicore, Hoboken
(Belgium) were focused on the recovery of PMs
and special metals from scraps, using copper,
lead or nickel as collector metals. In this case
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the base metals (Cu, Pb, Ni) have, although
high in tonnage, a more byproduct character.

At Umicore Precious Metals Refining, Hobo-
ken (Belgium), printed wiring boards (PWBs)
or PWB-containing fractions, ICs, processors,
connectors and small electronic devices like mo-
bile phones (after removal of the battery) con-
taining typically approximately up to 350 ppm
Au, 1500 ppm Ag and 200 ppm Pd together
with 20% Cu, 2% Pb, 1% Ni, 10% Fe, 5%
Al, 3% Sn and 25% organic compounds are
directly treated in integrated copper and
PM smelter—refinery operations after mixing
with other PM-containing materials (catalysts,
byproducts from the nonferrous industries, pri-
mary ores) (Hageliiken, 2006, 2009). The organic
compounds of the feed material are used as
reducing agents and converted to energy; copper
acts as a PM collector. The main processing steps
of the precious metals operations (PMO) are IsaS-
melt furnace, leaching and electrowinning and
PMs refinery” (Figure 10.3, see also Figure 10.4).

Feed materials are smelted in a Cu-ISA
reactor (ISASMELT" technology) at about
1200 °C to separate the PMs in a Cu bullion
from mostly all other metals concentrated in a
Pb-rich copper slag, which is further treated at
the base metals operations (BMO). After leach-
ing out the copper in the leaching and electro-
winning plant, the PMs are collected in a
residue. This PM residue is further refined
with a combination of classical methods (cupel-
lation) and unique in-house processes (Ag refin-
ery) developed to recover all possible variations
of the separated PMs.

The main processing steps of the BMO are
blast furnace, lead refinery and special metals
refinery. The Pb-rich copper slag of the Cu-
ISA reactor is smelted in a Pb blast furnace
together with further Pb-containing raw mate-
rials to impure Pb bullion, Ni speiss, Cu matte
and depleted Pb slag. PMs collected in the
impure Pb bullion and the Ni speiss are sepa-
rated in form of further PM/Ag residues via
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FIGURE 10.3 Mass flow of Umicore’s PM-integrated smelter-refinery facility (Hageliiken, 2009).

the Harris process (lead refinery of impure Pb
bullion) or via selective leaching (Ni refinery
of Ni speiss) to enter the described precious
metals refinery.

10.1.3 Catalysts

Specific processes have been developed for recy-
cling of different catalysts (European
IPPC Bureau, 2013; Bartz and Wippler, 2005;
Hageliiken, 1996; Rumpold and Antrekowitsch,
2012):

® Carbon-based catalysts: These (bearings: C;
depletions: 0.5—5% Pd, Pt, Rh, Ru, Pd/Pt) are

processed using incineration prior to the
dissolution stage.

Powder-based catalysts: These (bearings:
CaCQOg, 5i0y, TiO,, ZrOy; depletions: 0.1-5%
Pd, Pd/Au, Pt, Ir, Ru) and sludges are treated
in batches, often in box section furnaces.
Direct flame heating is applied to dry and
then ignite the catalyst, which is allowed to
burn naturally. The air ingress to the furnace
is controlled to modify the combustion
conditions and an afterburner is used.
Reforming or hydrogenation catalysts: These
(bearings: A,O3, zeolite M| - [(AlO;), -
(5i0,),]-2H,0 with M: alkaline (earth) metal)
are used in the petrochemical industry and for
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metals operation) (Umicore, 2013a).
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hydrocracking; depletions: 0.3—2% Pt, Pt/Re,
Pt/Ir, Pd); they can be treated by dissolution of
the ceramic base in sodium hydroxide or
sulfuric acid. Prior to leaching, the excess
carbon and hydrocarbons are burnt off.

e Automotive catalysts: These (bearings:
AlyO3, cordierite (2MgO-2Al1,03-5510,);
depletions: 0.03—0.3% Pd/Pt(/Rh), Pt, Pt(/
Pd)/Rh, Pd/Rh, Pd; content per catalyst:

1.8 g Pt + 0.4 g Rh) can be integrated in Cu, Fe
or Ni melts in plasma, electric or converter
furnaces, where PGMs can be collected
separately. Small operators use open trays to
burn off catalysts by self-ignition or roasting;
these processes can be dangerous, and fume
collection and afterburning can be used to
treat the fume and gases. Actually, new
hydrometallurgical recycling proposals
(hydrochloric acid in combination with
hydrogen peroxide as leaching agent) are
made to lower energy consumptions and
process time as well as to recover rare earth
metals (REMs , especially cerium (Ce))
simultaneously with PMs (Rumpold and
Antrekowitsch, 2012).

* Organic-based homogenous spent catalysts:
These catalysts from, e.g. chemical or
pharmaceutical industries, can be treated by
distillation and precipitation. The gaseous
emissions are treated in an afterburner.

10.2 RARE EARTH METALS

REMsareamoderately abundantgroup of 17 el-
ements comprising the 15 lanthanides (also
referred to as lanthanoids), which comprise ele-
ments with atomic numbers 57—71; scandium;
and yttrium. REMs can be classified as either light
rare earth elements (LREE: 57 (lanthanum)
through 64 (gadolinium)) or heavy rare earth ele-
ments (HREE: 65 (terbium) through 71 (lutetium)).
Yttrium (atomic number 39) is included as an
HREE even though it is not part of the lanthanide
contraction series. Scandium (atomic number 21),

10. RECYCLING OF RARE METALS

a transition metal, is the lightest REM, but it is not
classified as one of the group of LREE nor one of
the HREE (Gambogi and Cordier, 2012).

Just as there are many different elements
among the REMSs, there are many different
uses as well; the most important ones are as fol-
lows (European Commission-Enterprise and
Industry, 2010):

Catalysts: Lanthanum (La) is used in catalytic
cracking in oil refineries, and Ce is necessary
in catalytic converters for cars.

Magnets: Neodymium (Nd)—iron—boron
magnets are the strongest known permanent
magnets, which are used in the context of
electromobility and for wind power
generators. Other REMs used in comparable
applications are dysprosium (Dy), samarium
(Sm), terbium (Tb) and praseodymium (Pr).

Polishing and glass: Ce oxide is a widely
used polishing agent.

Battery alloys: Nickel metal hydride
batteries containing La are the first choice for
portable tools and are extensively used in
hybrid vehicles.

Metallurgy: Ce, La and Nd are used to
improve mechanic characteristics of alloyed
steel, for desulfurization and to bind trace
elements in stainless steel. Smaller shares are
also used for magnesium and for aluminum
alloys.

Other applications: These applications
include the processing of phosphors and
pigments and the manufacturing of capacitors
and ceramics. A number of merging
technologies rely on the properties of REMs,
for example: The anodes of solid state fuel
cells use either scandium (Sc) or yttrium (Y),
which is also necessary for high-temperature
superconductors and is used in lasers.

Regardless of the (quite dissipative) end use,
REMs are not recycled in large quantities, but
could be if recycling became mandated or very
high prices of REMs made recycling feasible
(Goonan, 2011).
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10.2.1 Lanthanides

Lanthanides (La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb, Lu): Lanthanide statistics are
usually reported as rare earth elements (REEs)
or rare earth oxides (REOs) equivalents; the
REE-to-REO ratio for each of the lanthanides is
about 1:0.85. The distribution of REO consump-
tion by type is not homogeneous among market
sectors (Goonan, 2011): lanthanides are used in
mature markets (catalysts, glassmaking, light-
ing and metallurgy), which account for 59% of
the total worldwide consumption, and in newer,
high-growth markets (battery alloys, ceramics
and permanent magnets), which account for
41% of the total worldwide consumption. In
mature market segments, La and Ce constitute
about 80% of REMs used, and in new market
segments, Dy, Nd, and Pr account for about
85% of lanthanides used. The estimated 2012
distribution of REOs by end use was as follows
(U.S. Geological Survey, 2013): catalysts, 62%;
metallurgical applications and (battery) alloys,
13%; glass polishing and ceramics, 9%; perma-
nent magnets, 7%; phosphors, 3%; and other,
6%. The world consumption of lanthanides
grew rapidly in the last 25 years; in 2012
world mine production was estimated to be
110,000 Mt (Goonan, 2011; U.S. Geological
Survey, 2013).

Raw materials
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The recycling of REEs could be considered a
very uncommon issue until today and focused
mostly on small quantities of preconsumer
NdFeB-permanent magnet scrap (U.S. Geological
Survey, 2013) as well as postconsumer NiMH bat-
tery and phosphors scrap (Umicore, 2013b; News
release, 2012). Actual statistics report EOL recy-
cling rates below 1% and an average recycled con-
tent (fraction of secondary metal in the total metal
input to metal production) between 1% and 10%
for La, Ce, Pr, Nd, Gd and Dy rsp. below 1% for
Sm, Eu, Tb, Ho, Er, Tm, Yb, Lu; for Pm no data
are available (UNEP, 2011).

10.2.1.1 Permanent Magnet Scrap

Preconsumer permanent magnet scrap
(swarf and residue) is estimated to represent
20—30% of the manufactured starting alloy
(Schiiler et al., 2011; U.S. Geological Survey,
2013). Corresponding neodymium—iron—boron
(NdoFe14B) magnets mostly consist of approxi-
mately 65—70% Fe, 1% B, 30% mixture of Nd/
Pr, <3% Dy and sometimes Tb.

In-plant recycling activities are reported from
NEOMAX group (Hitachi Metals Ltd) including
plants in Japan and other countries (Tanaka Oki
et al., 2013) (see Figure 10.5):

Cutting sludge (metallic powder coated with
oxides) is roasted to completely oxidize the

FIGURE 10.5 Simplified flowsheet
for in-plant recycling of permanent

Reduction REE oxi.des magnet scraps (Nd,Fe14B hard scrap,
(molten salt electrolysis) or fluorides

cutting sludge) (Tanaka Oki et al,

2013 and completions).

I Premelting H Alloying II( e)%torlavceungn
Coating removal Acid
(wet or mechanical) dissolution —> Fe, B, etc.

Magnet
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whole powder. The roasted product is dissolved
in acid followed by solvent extraction, precipita-
tion and calcination to obtain Nd and Dy as
oxides or fluorides. Both REEs are recovered
from these oxides or fluorides by conventional
molten-salt electrolysis or thermal reduction
process. Solid scrap is generally recovered as
alloy via high-frequency vacuum melting.
Nickel- or aluminum-chromate plating on the
magnet surface will cause problems in magnetic
properties of the Nd—Fe—B sintered magnets
produced from solid scrap and thus should be
removed in advance by wet or mechanical pro-
cesses. However, these processes are not
economical at present and therefore are seldom
applied.

Further possible recycling methods, which
are under development, are summarized in
Table 10.1. Despite these and numerous other
recycling proposals, there are no current com-
mercial recycling activities worldwide for post-
consumer permanent magnets (Schiiler et al.,
2011; Tanaka OKki et al., 2013).

10. RECYCLING OF RARE METALS

10.2.1.2 NiMH Battery Scrap

The recycling of REMs from NiMH battery
scrap is in its infancy. Mostly these battery types,
consisting of approximately 36—42% Ni, 22—25%
Fe, 8—10% REMs and 3—4% Co, are recycled
with assumption of REMs lost in slags. In 2011,
Umicore (Hoboken, Belgium) and Rhodia (La
Rochelle, France) jointly developed a unique
pyro-/hydrometallurgical process for REMs
recycling from rechargeable battery scrap (News
release, 2011, see also VAL’EASTM—process for
Li-battery scrap), which represents best available
technology standard nowadays (International
Resource Panel, 2013): Battery modules are fed
directly into an ultra high-temperature smelter
without any pretreatment (except for the disman-
tling of large battery cases). Battery production
scrap and slag forming agents are added as well
to create three output fractions (see Figure 10.6):

® Metal alloy—Co, Ni, Cu, Fe

e Slag fraction—Al, Li, Mn, REM

¢ Gas emissions—flue dust (only fraction
landfilled)

TABLE 10.1 Selected Recycling Methods for Permanent Magnet Scrap (Nd,Fe4B)

Recycling Methods Process Characteristics

Comments

Hydrogen
decrepitation (HD)

Whole leaching

Selective
roasting—leaching

HD, jet milling, aligning and pressing,
vacuum sintering, magnet remanufacturing
(addition of 1% new Nd) (Zakotnik et al., 2009)

Acid leaching and generation of Fe-chloride, Nd-oxide
and B-acid (no further details) (News release, 2013)

Oxidizing roasting, acid leaching of Nd with H,SO, or
HCI, precipitation (Nd»(SO4)3) or solvent extraction of

Pilot plant for magnets from disk
drivers (Zakotnik et al., 2009);

contaminated scraps need further
refinery steps (Saguchi et al., 2006)

Pilot plant Loser Chemie GmbH,
Germany (News release, 2013)

Laboratory scales

neodymium (Tanaka Oki et al., 2013)
Chlorinating with NH,Cl (T =350 °C), selective
dissolving of NdCl; into water (Itoh et al., 2009)

Selective extraction

in molten phases (Shirayama and Okabe, 2008)

Molten metal: Mg (Xu et al., 2000;

Molten salt: MgCl, (T =1000 °C)

Laboratory scales

Okabe et al., 2003); Ag (Takeda et al., 2004)
Slag (oxides): melting with LIF-(REM)F;-fluxes

(Takeda et al., 2009)

II. RECYCLING — APPLICATION & TECHNOLOGY



10.2 RARE EARTH METALS

135

End of life
Li-ion/NiMH
batteries
.:.
; Smelter d
Stack
Gas cleaning: 2 bag filters
Slag Granulation
[ l Alloy
1 7 1 T 1 I
concentrates
1 Co, Ni refining

Rare erath
oxides

Construction materials

1

Ni(OH), LiMeO,

-

New
Li-ion/NiMH
batteries

FIGURE 10.6 Flowsheet for Umicore/Rhodia’s VAL'EAS™ battery scrap recycling process (Umicore, 2013b) (RE con-

centrates are hydrometallurgically processed by Rhodia).

The batteries themselves fuel the smelter
as their combustible compounds heat the
smelter to a high enough temperature that, in
combination with a gas cleaning system, en-
sures no volatile organic compounds (VOCs)
or dioxins are emitted. The alloy is further
refined in an existing hydrometallurgical
process to produce a variety of Co- and Ni-
containing materials for use in new batteries
and other applications. Recently a hydrometal-
lurgical process was developed to extract a
REM concentrate from the slag for further

refining rare earth oxides by Rhodia (France)
to recover these critical elements. The rest of
the slag is valorized by use in construction ma-
terials, including Li, whose recovery is currently
uneconomical. The recovery of REOs is a busi-
ness secret; Rhodia patented these process steps
together with corresponding waste categories.
In different solvent extraction units, rare
earths are separated comparable to conven-
tional REMs winning processes for geogenic
resources. In summary, the battery recycling
process described exceeds the 50% recycling
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Phosphors production

FIGURE 10.7 Flowsheet for Rhodia’s planned phosphors recycling process (Rollat, 2012). EOL, end-of-life; LAP, (La, Ce,

Tb) PO4; RE, rare earth metal.

efficiency standard imposed by the EU Batteries
Directive.

10.2.1.3 Phosphors Scrap

Industrial recycling of REMs from phosphors
scrap will start in 2013 by Rhodia (France)
(News release, 2012) (see Figure 10.7): EOL en-
ergy saving and fluorescent lamps will be
collected and pretreated by different recycling
companies, which will separate the various
components of glass, plastics and metal (with
Hg). In two facilities of Rhodia (Saint-Fons and
La Rochelle), which is part of the Solvay Group
(Belgium) since 2011, separated phosphor pow-
ders will be processed to recover La, Ce, Tb, Y,
Eu and Gd. No process details are known, but
itis reported that the concentrated REMs should

be extracted and then recycled, preserving 100%
of their original properties. Finally, the REMs
will be successively separated and treated to
be reused as luminescent materials in the manu-
facture of new bulbs.

10.2.2 Scandium

The principal use for scandium (Sc) is in
aluminum alloys for aerospace components
and sporting equipment (baseball and softball

bats). Other wuses for scandium include
analytical standards, electronics, high-intensity
metal halide lamps, lasers, metallurgical

research and oil-well tracers. Demand for scan-
dium increased slightly in 2012. Global scan-
dium consumption was estimated to be less
than 10 Mt. No scandium was mined in the
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United States in 2012; foreign mine production
data were not available. There are no recycling
activities of scandium reported (Gambogi and
Cordier, 2012; U.S. Geological Survey, 2013).
Because of the absence of data, EOL recycling
rates are estimated below 1% (UNEP, 2011).

10.2.3 Yttrium

Yttrium (Y) is consumed mainly in the form
of high-purity oxide compounds for phosphors
(Gambogi and Cordier, 2012). Smaller amounts
are used in ceramics, electronic devices, lasers
and metallurgical applications. Principal uses
are in phosphors for color televisions and com-
puter monitors, temperature sensors, trichro-
matic fluorescent lights and X-ray-intensifying
screens. Yttria-stabilized zirconia is used in alu-
mina—zirconia abrasives, bearings and seals,
high-temperature refractories for continuous-
casting nozzles, jet-engine coatings, oxygen
sensors in automobile engines, simulant
gemstones, and wear-resistant and corrosion-
microwave radar to control high-frequency sig-
nals. Yttrium is an important component in
YAl—garnet laser crystals used in dental and
medical surgical procedures, digital communi-
cations, distance and temperature sensing,
industrial cutting and welding, nonlinear op-
tics, photochemistry and photoluminescence.
Yttrium also is used in heating-element alloys,
high-temperature superconductors and super-
alloys. The approximate distribution in 2012
by end use was as follows (U.S. Geological Sur-
vey, 2013): phosphors, 44%; metallurgical, 13%;
and other, 43%.

The world consumption of yttrium, associ-
ated with most rare earth deposits, grew rapidly
in the last 25 years; in 2012 world mine produc-
tion was estimated to be 8900 Mt (U.S. Geolog-
ical Survey, 2013). In the United States only
small quantities, primarily from laser crystals
and synthetic garnets, are recycled (U.S. Geolog-
ical Survey, 2013). Actual statistics report no
recycling activities (UNEP, 2011).
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The group of electronic metals has not yet
been officially defined. In the context of the pre-
sent document, it will include the following
metals: gallium (Ga), In and Te. All are used as
key metals in numerous electronic devices and
were classified as “critical raw materials for
the EU” by the European Commission in 2010
(see European Commission-Enterprise and In-
dustry, 2010).

10.3.1 Gallium

With a share of above 99%, most gallium
globally consumed is used as a compound
with arsenic (GaAs) for optoelectronic devices
(laser diodes, LEDs, photodetectors, solar cells)
and integrated circuits (defense applications,
high-performance computers, telecommunica-
tions) or with nitrogen (GaN) for optoelectronic
devices (laser diodes, LEDs). Integrated circuits
account for 71% of domestic consumption, op-
toelectronics for the remaining 29%. Owing to
the strong growth of LEDs, laser diodes, smart-
phones, photodetectors and solar cells, Ga con-
sumption increased rapidly in the last 10 years;
in 2012 world primary gallium production was
estimated to be 273 Mt (European Commission-
Enterprise and Industry, 2010; Jaskula, 2012b;
U.S. Geological Survey, 2013).

Recycling activities for gallium in Canada,
Germany, Japan, the United Kingdom and the
United States are mainly focused on new scrap
generated in the manufacture of GaAs-based de-
vices. It was estimated that 50% of gallium
consumed worldwide in 2010 came from
recycled sources (Jaskula, 2012b); according to
UNEP the EOL-recycling rate is very small
(<1%) but the recycled content, the fraction of
secondary metal in the total metal input to metal
production, reaches values between 25% and
50% (UNEP, 2011). Procedural hydrometallurgi-
cal routes are usual for new scrap, e.g. via disso-
lution of crushed GaAs residues in sodium
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FIGURE 10.8 Simplified flowsheet

of potential
recovery.
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hydroxide solution with hydrogen peroxide
(Figure 10.8). According to the abstracts of a
Taiwanese  patent (TW  2003-92132798,
November 20, 2003), the process conditions for
the recycling are adjusted so that gallium is
enriched as a complex gallium sulfate. It is
conceivable that this intermediate product can
be introduced into the conventional electrolysis
for Ga recovery. The process details are, however,
mostly a business secret.

10.3.2 Indium

Production of indium tin oxide (ITO) for
flat-panel display devices (74%) and for archi-
tectural glass (10%) is the leading global end
use of indium, followed by solders (10%) for
temperature indicators in fire-control systems;
minor alloys (3%) used for surface coatings of
optical lenses, bonding agents between
nonmetallic materials and for dental- resp.
white gold alloys; other applications (3%)
include, for example, intermetallic com-
pounds that are used as semiconductors for
laser diodes or indium in nuclear reactor con-
trol rods. World refinery production of

Aluminum ore GaAsls_csap
routes for gallium bauxite Brine
Oxidisi t} Leaching
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indium has increased more than 5-fold in
the last 20 years, when world production
amounted to 70—120 t/year compared to to-
day’s 670t/year (European Commission-
Enterprise and Industry, 2010; Elsner et al.,,
2010; Tolein, 2012).

Recycling possibilities for indium are
limited. Indeed the EOL recycling rate is very
small (<1%) but the recycled content, the frac-
tion of secondary metal in the total metal input
to metal production, reaches values between
25% and 50% (UNEP, 2011). A very large
portion of global secondary indium was pro-
duced from pure (production) scrap as sputter
targets from ITO thin film deposition, which
occurs obviously in oxidized form and repre-
sents a loss share of more than 70% of deposi-
tion material input. Appropriate recycling
activities are concentrated on countries like
China, Japan and the Republic of Korea, where
ITO production and sputtering takes place.
They consist of multistage (thermo-)physical/
hydrometallurgical processes, with e.g. crush-
ing, leaching, precipitation, cementation, filtra-
tion, solvent extraction and/or electrolytic
refining units. Indium can also be recovered
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from copper indium gallium diselenide solar
cells (CIGS) to be used in the manufacture of
new CIGS solar cells or may be reclaimed
directly from old liquid crystal display (LCD)
panels. The panels are crushed to millimeter-
sized particles and then soaked in an acid so-
lution to dissolve the ITO from which the
indium is recovered. Indium recovery from
tailings was thought to have been insignifi-
cant, as these wastes contain small percentages
of the metal and can be difficult to process.
However, improvements to the process tech-
nology have made indium recovery from tail-
ings feasible when the price of indium is
high (Alfantazi and Moskalyk, 2003; Kang
et al., 2011; Barakat, 1998; Bihlmaier and
Volker, 2011; Tolein, 2012; Merkel and Frie-
drich, 2010).

At Umicore Precious Metals Refining, Hobo-
ken, Belgium, indium is recovered from elec-
tronic scrap (crushed flat-panel displays,
solders, etc.) and residues from historical zinc
refinery residues among other numerous rare
metals (Figure 10.4).

Indium compounds that are charged to the
(ISA-)smelter will account to the lead-bearing
slag that is subsequently reduced in the lead
blast furnace to indium-containing lead
bullion. During lead refining it is oxidized
selectively into the lead refinery slag via the
Harris process, in which a Na)NO3;—NaOH
melt is penetrated by the impurity-containing
lead. The product is a salt slag with the
oxidized metals. No information is available
which special metals refinery process is used
to recover indium metal at Umicore, but most
likely it is reduced from a leach liquor of the
lead refinery slag via cementation, solvent
extraction or electrolysis.

10.3.3 Tellurium

Tellurium is increasingly used in cad-
mium—tellurium-based solar cells (40%). In ther-
moelectrics (30%), e.g. semiconducting, bismuth
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telluride is used in cooling devices. In metallurgy
(15%), tellurium serve as a free-machining addi-
tive in steel, is used to improve machinability
while not reducing conductivity in copper, to
improve resistance to vibration and fatigue in
lead, to help control the depth of chill in cast
iron and in malleable iron as a carbide stabilizer.
In rubber formulation (5%), tellurium is used as a
vulcanizing agent and as an accelerator. Other
applications (10%) include the use in catalysts
for synthetic fiber production, in blasting caps
and as a pigment to produce blue and brown
colors in ceramics and glass. World refinery con-
sumption of tellurium was estimated to be about
500—550 t/year in 2011 (European Commission-
Enterprise and Industry, 2010; George, 2012).

Tellurium recycling is still embryonic but
growing steadily (<10% of supply); recovery of
industrial scrap from the photovoltaic (PV) in-
dustry provides a growing stream of secondary
tellurium expected to represent about 7% of total
tellurium in 2010, decreasing though over time as
deposition processes for photovoltaics become
more efficient and its growth is leveling off (Eu-
ropean Commission-Enterprise and Industry,
2010). A plant in the United States recycled tellu-
rium from cadmium—tellurium-based solar cells;
however, most of this was new scrap because
cadmium—tellurium-based solar cells were rela-
tively new and had not reached the end of their
useful life (U.S. Geological Survey, 2013).
Different promising recycling methods for
(new) PV scrap, with tellurium contents below
1%, are under development (Table 10.2).

For traditional uses, there is little or no old
scrap from which to extract secondary tellurium,
because these uses of tellurium were nearly
all dissipative. A very small amount of tellurium
was recovered from scrapped selenium—tellu-
rium photoreceptors employed in older plain
paper copiers in Europe. The global EOL recy-
cling rate of tellurium was estimated to be very
small (<1%, (UNEP, 2011)). For tellurium recy-
cling from electronic scrap, e.g. a combined
pyro/hydro-metallurgical process alternative
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TABLE 10.2 Selected Recycling Methods for Photovoltaic Scrap (Cd/Te-Based Solar Cells)

Recycling Method Process Steps Document

Hydrometallurgical: Crushing, leaching, ion exchange separation, US patent:

sulfuric acid with precipitation (Te), electrolysis (Cd) US 2006/0275191 Al

hydrogen peroxide (December 7, 2006)

Hydrometallurgical: Crushing, oxidative acidic leaching with US patents:

acidic/alkaline sulfuric acid and hydrogen peroxide, US 6129779
neutralization and filtration, alkaline residue (October 10, 2000)
leaching with electrolysis (Te) US 6391165 Bl

(May 21, 2002)
Hydrometallurgical: Crushing, leaching, electrolysis (Te), US patent:
nitric acid “decomposing” of Cd to CdO US 5897685

Pyrometallurgical:

solid—gas reactions condensation (Cd, Te)

Crushing, pyrolysis, hot chlorination and

(April 27, 1999)

EU patent:
EP 1187 224 Al
(March 13, 2002)

via copper-lead route is working commercially
(cf. Umicore’s flowsheet in Figure 10.4).

10.4 REFRACTORY METALS
(FERRO-ALLOYS METALS,
SPECIALTY METALS)

Refractory metals (RMs) are high melting
point metals that are characterized by other
special physical and chemical properties, such
as high density, inertness, corrosion and acid
resistance. They are produced both as metal in-
got (buttons) using electron beam furnaces and
as metal powder that serves as raw material for
powder metallurgical treatments like pressing
and sintering. The definition of which elements
belong to this group differs. As defined at the
EU level (European IPPC Bureau, 2013), this
group comprises 11 metals, the elements of
the fourth to the seventh transition group of
the periodic table. Due to their main applica-
tions (see U.S. Geological Survey, 2013; Euro-
pean IPPC Bureau, 2013; European

Commission-Enterprise and Industry, 2010)
they can be subdivided as:

o Ferroalloy metals (RMs for steel production):
chromium (Cr), manganese (Mn),
molybdenum (Mo), niobium (Nb), vanadium
(V), and

o Specialty metals (RMs for special applications):
hafnium (Hf), tantalum (Ta), titanium (Ti),
rhenium (Re), tungsten (W), and zirconium (Zr).

Ferro-alloys: Ferro-alloys are mainly used as
master alloys in the iron, foundry and steel
industry, because it is the most economical
way to introduce an alloying element into the
steel melt. Besides this, special ferroalloys are
also needed for the production of aluminum
alloys and as a starting material in specific
chemical reactions. As an additive in steel pro-
duction, ferroalloys improve steel’s properties,
especially tensile strength, wear and corrosion
resistance. In 2012, more than 90% of the pro-
duced Cr, Mn, Mo and V (mine productions:
24 Mt Cr, 16 Mt Mn, 250,000 t Mo, 73,000 t V)
as well as about 80% of the produced Nb
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(mine production: 69,000 t) were used in this
sector.

Superalloys and special alloys: In 2012 approx-
imately 70% of Re (mine production: 52 t) was
used as an important component in high-
temperature superalloys for blades in turbine
engines, in thermocouples and for electrical
contacts that stand up well to electric arcs.

Hard metals and metal carbide powder
that can further be treated by powder metallur-
gical methods to produce hard metal tools are,
with a proportion of 50%, the main application
fields for W (in 2012 mine production: 73,000 t).

Catalysts: Up to 25% of Re is used in
petroleum-reforming Pt/Re catalysts for pro-
ducing lead-free gasoline.

Aerospace applications: In 2012 an estimated
72% of Ti (in 2012 sponge production: 190,000 t)
was used for high-performance aircraft engines
and airframes.

Pigments: With 60% of the main use for Ti in
dioxide form in white pigments that are
nontoxic, it therefore is useful in many applica-
tions like cosmetics, food industry and paint (in
2012 sponge production: 190,000 t).

Capacitors: About 60% of total Ta consump-
tion (in 2010 mine production: 765 t/year) is
used in the form of metal powder for electrolytic
capacitors, which are basic components of mod-
ern IT and telecommunication devices (mobiles,
notebooks, digital cameras).

Ceramic and refractories: Ceramics and refrac-
tories are the main application fields for Zr (in
2012 mine production: 1420 t).

Nuclear energy and chemical process industries:
Nuclear energy and chemical process industries
are the leading consumers of Hf (in 2012 mine
production: not available).

Because of the large number of available sec-
ondary raw materials, especially metal oxides
from the production of stainless steel (dusts), the
recovery of ferroalloys, mainly ferrochrome, has
become an important part of the ferroalloy indus-
try (European IPPC Bureau, 2013). But the recov-
ery of RMs is also limited, especially for some
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described specialty metals, as demonstrated by
reported EOL recycling rates (UNEP, 2011):

Ferroalloy metals (RMs for steel production)

>50% For chromium, manganese and niobium.
>25—50% For molybdenum.
<1% For vanadium.

Specialty metals (RMs for special applications)

>50% For rhenium and titanium.
>10—25% For tungsten.
<1% For hafnium, tantalum and zirconium.

10.4.1 Spent Petroleum Catalysts
(Molybdenum, Vanadium)

Spent petroleum catalysts are regarded as the
most important catalysts for recycling of Mo
and V owing to the large volume and value of
metals they contain. These also named hydro-
processing catalysts, account for about one-
third of total worldwide catalyst consumption
and are widely used in the petroleum refining
industry for mild hydrogenation and removal
of heteroatoms such as sulfur, nitrogen and oxy-
gen, as well as metals like nickel and vanadium.
Typically they contain: 2—10% Mo, 0—13% V,
0.5—4% Co, 0.5-10% Ni, 10% S, 10% C on a
porous Al,O3 support (<30% Al).

The recovery of molybdenum and of the va-
nadium content can involve the following pro-
cess steps (European IPPC Bureau, 2013):

1. Thermal pretreatment with initial heating in
air at 600 °C (roasting) to remove the residual
sulfur, carbon and hydrocarbons and to
oxidize the metals to soluble molybdate and
vanadate rsp. pretreatment with organic
solvents for S, C, C,H, removal.

2. A (pressure) leaching step resulting in
preferential solubilization of molybdate and
vanadate, leaving the nickel cobalt alumina
as a solid.
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3. Separation of the molybdenum and
vanadium.

4. Treatment of the Ni/Co alumina residue to
recover the nickel and cobalt content.

The technical and economic effort depends
on the type of catalyst (metal content, type of
carrier, chemical compounds, impurities, etc.)
and quality requirements for the recycled prod-
ucts. Table 10.3 gives an overview of established
reclamation facilities in the world for spent
hydroprocessing catalysts.

10.4.2 Steelwork Slags (Vanadium)

Besides the fact that vanadium recycled
from spent petroleum catalysts is significant
(U.S. Geological Survey, 2013), small V contents
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of recycled steel and ferroalloys are lost to slag
during processing eletric arc furnace (EAF)
smelting and are not recovered. Because of
high mass flow rates and the wide range of ap-
plications (V use in steel industry in 2011: 93%
of domestic V consumption), steel recycling
thus represents the world’s largest source of
V loss from the vanadium raw materials cycle.
Mostly, the generated steelwork slags with 1%
V content are used for road and dike construc-
tion. Experimental investigations with pyro-
metallurgical methods (reduction melting
followed by aluminothermic slag reduction)
were not successful: economic production of a
V-rich ferroalloy from corresponding slags
seems not possible (Antrekowitsch et al,
2009). Actually the IME (Process Metallurgy
and Metal Recycling—Department and Chair

TABLE 10.3 Characteristics of Selected Recycling Processes for spent Hydroprocessing Catalysts (Marafi et al., 2010;

Scheel, 2010)

Process

(country of business) Pretreatment

Leaching and Separation Steps

(Intermediate) Products

Gulf GCMC Roasting with Water leaching and precipitation, MoQO;, V,0s, solids for
(USA, Canada) Na,CO3 solvent extraction ferroalloy production
CRI-Met None 1. Pressure leaching with NaAlO, MoOQO;3, V,0s5, Ni/Co
(USA) and air injection (catalysts) concentrate, AI(OH);
2. Pressure leaching with NaOH/

Na,COj (residues from 1.) and

precipitation
EURECAT Roasting (500 °C) Water leaching and ion exchange, MoQOs;, VOSO,, (NHy),-/
(France) with NaOH solvent extraction, electrolysis Na-Mo0Q;,, Ni-, Co-metal
Taiyo Koko Oxidizing Wet grinding in a ball mill and MoO;, V,0s, solids for
(Japan) roasting (850 °C) precipitation, ion exchange ferroalloy production

with Na,CO;
Full yield Catalysts mixing, NayCOj5 leaching with H,O, and MoO;, V,0s, SiO, and
(Taiwan) degreasing precipitation, ion exchange ALO; for building
industry

AURAMET Roasting, H,SO4 leaching and solvent extraction NH4VO;, Co/Ni sulfate

calcination (1100 °C)

solution, Al,O3

Moxba-Metrex (The Netherlands), Quanzhuo Jing-Tai Industry (China), Metallurg Vanadium (USA, UK, Germany), H. C. Starck (Germany), Nippon

Catalysts Cycle Co. (Japan).
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of RWTH Aachen University, Germany) is
developing a recycling proposal for the V
extraction from steelwork slags. First results
can be summarized as follows:

¢ Hydrometallurgical methods provide
ecological /economic advantages compared
to pyrometallurgical.

* V content of the slag is dissolved by direct
alkaline pressure leaching under oxidizing
conditions.

® V can be recovered as ammonium vanadate
from the leach liquor by conventional
neutralization and precipitation steps.

10.4.3 Tantalum Scrap

Tantalum secondary raw materials are mostly
preconsumer scrap that was generated during
the manufacture of Ta-containing electronic
components as well as from cemented carbide
and superalloy scrap. Figure 10.9 demonstrates
the considerable amounts of those internal ma-
terial circuits comparing to external flows
(EOL scrap). The unoxidized tantalum scrap
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(e.g. ingot scrap, sintered parts) can be remelted
in an electron beam furnace or treated by dehy-
drogenation in a vacuum furnace to produce
tantalum powder. The second type of scrap rep-
resents the oxidized tantalum and fine-grained
unoxidized tantalum scrap. The last one has to
be oxidized by roasting, before treating with ni-
tric or hydrochloric acid. Both types of scrap
result in a residue that contains oxidized
tantalum (European IPPC Bureau, 2013).

The biggest handicap for increasing the very
low EOL recycling rate for tantalum (<1%) lies
in the main application field of Ta in the form
of capacitors (>60%), which are in fact not
recycled (Gille and Meier, 2012). In this context
it has to be noted that Ta in WEEE reaches
only trace amounts (<200 ppm) and is lost by
slagging and dispersing during conventional
WEEE recycling in pyrometallurgical copper
process routes.

10.4.4 Titanium Scrap

Growing titanium production has also
increased the availability of titanium secondary

17.5%
¥
Sodium and Scrap, € 18%
synthetic concentrates residues

[

]
l_s%—l [17% l_4%_|

Raw material :> Powder-, ingot- :> End-product :> End-
pre-treatment production manufacturing consumer
. Capacitors, Electronics,
Tantalites, Ta-metal powder, P .
. . mono-crystals, optics, IT, power
columbites, Ta-oxide powder, . .
X lenses, engineering,
Sn-slags, Ta-chemicals, >
. . superalloys, semiconductor
scrap, sintered ingots, sputter targets technolo lant
residues melted ingots P Eets, EY, P

heat exchangers construction

FIGURE 10.9 Internal and external material flow for tantalum recycling (see Gille and Meier, 2012).
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raw materials. Especially within the main appli-
cation field of Ti, the aerospace sector, there is
a high level of scrap generation during the pro-
duction of final-use parts (>80% of input mate-
rial). In generally, the recirculation of titanium
alloys focuses selected and classified scrap,
whereas the contaminated and inhomogeneous
scrap is mostly downgraded to the ferro-
titanium production line; untreated titanium
scrap can also be used directly as an additive
to steel, nickel, copper, aluminum or other
metals.

Clean and sorted scrap is usually intro-
duced into the remelting step of the primary
route to produce titanium ingots: while loose
scrap can be used for cold hearth melting
without further preparation, vacuum arc
remelting in specially designed furnaces mix
the scrap with titanium sponge and compress
it to electrodes. Batches of titanium (mostly
preconsumer) scrap and titanium sponge are
mixed and pressed to form blocks. The blocks
are welded together to produce a consumable
electrode. The electrode is then installed in
the furnace chamber in a manner where a
cooled copper crucible that collects the molten
titanium encloses the bottom end of the elec-
trode. An arc is struck between the lower
end of the electrode and the bottom of the cru-
cible and the electrode is moved downward as
it is consumed (European IPPC Bureau, 2013).
Nonetheless, those conventional recycling
routes exhibit a very limited refining potential
with regard to oxygen contamination.

At IME (Process Metallurgy and Metal
Recycling—Department and Chair of RWTH
Aachen University, Germany), intensive
research was carried out to develop and assess
a closed loop recycling process for titanium-
aluminide scrap (y-TiAl), which is currently
downgraded as a deoxidation agent in steel
production. Those alloys receive special atten-
tion of the technical community owing to their
applications in automotive turbochargers and
the low-pressure turbines of the most recent
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TiAl scrap Alternative

TiO, raw
15010000,;1 (o) materials +
L Al powder
|
l ATR revert, ¥
VIM <== 15000ppm <« ATR
(0} ]
| ;
VIM ATR
lectrode
electrode, e 5
15000 ppm
3000 (0]
ppm \ - 0
'3
PESR
Alternative l
production rou’[e
Scrap route PESR ingot,
- 500 ppm O,
800ppm Ca
V:R N VAR ingot
500ppm O

FIGURE 10.10 Integrated concept for alternative pro-
duction and recycling of y-TiAl developed at IME, Aachen
(Reitz et al., 2011). ATR, aluminothermic reduction; VIM,
vacuum induction melting; PESR, pressure electroslag
remelting; VAR, vacuum arc remelting.

aero engines. The IME Recycling Process fits
their sensitive metallurgical requirements and
reduces material processing cost significantly.
It comprises vacuum induction melting
(VIM) or aluminothermic reduction (ATR) fol-
lowed by pressure electroslag remelting
(PESR) and/or vacuum arc remelting (VAR)
(Figure 10.10).

The application of PESR using “active slags”
leads to a refinement and in particular to a
reduction in oxygen content, which impacts
greatly on the mechanical properties. y-TiAl-
scrap remelted by VIM with an oxygen contam-
ination of 3000 ppm could be successfully
treated to levels below 500 ppm. In contrast,
v-TiAl obtained through an alternative raw-
material route via ATR, and therefore
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TABLE 10.4 Ranges of Metal Contents in Different Li
Ion Battery Scrap

Li-Ion System

(Wt%) Li Ni Co Mn Cu Al Fe C

Battery cells ~1 7-21' ~16 ~40 <0.5 ~14

Electric vehicle <0.5 0—4 0—4 0—4 ~11 ~25 ~21 ~9
(EV) batteries

' Sum of Ni, Co and Mn.

contaminated with up to 16,000 ppm oxygen,
presents kinetic and technological challenges
to the process and could only be treated down
to 4000 ppm oxygen. In a techno-economical
analysis, the interesting economical potential
of the recycling route VIM—PESR—VAR, a
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flexible scrap melting, chemical deoxidation
and final refining, could be highlighted in com-
parison to alternative processes (Reitz, 2013).
This process is currently being transferred to
the major Ti alloy TiAlgV4.

10.5 OTHER METALS

10.5.1 Lithium

Lithium is used in battery production
(22—33%), in the glass/ceramic industry
(26—30%), in the production of lubricating
greases (11—14%), for air treatment (4—5%), as
an additive in continuous-casting processes
(4%), in molten-salt electrolysis for primary

triple-melt process

that

ideally

combines

aluminum production (2—4%)

and other

TABLE 10.5 Characteristics of Selected Recycling Processes for Li Ion Battery Scrap (Luidold and Antrekowitsch,
2010; Georgi-Maschler, 2011; Friedrich et al., 2012; Elwert et al., 2012; Jaskula, 2012a and Additions)

Company Principal
(Place of Business) Capacity Characteristics Comments
TOXCO, Inc. (British Hydro Cryogenic process: low- + Recovery of all compounds
Columbia, Canada; <4000 t/year temperature dismantling + High flexibility (all battery types)
Lancaster, Ohio, USA) — Complexity of process
Umicore, S.A. Combined Direct smelting (shaft furnace) -+ Economic process
(Hoboken, Belgium; <500 t/year  with subsequent hydrometallurgy + Also for NiMH batteries
Hofors, Sweden) announced (Li recovery from slag in — No recovery of Li, Al, electrolyte,
VAL'EAS™ >5000t/year development) graphite, plastic (Only rec. values for Li/Co-
oxide)
ACCUREC Pyro Vacuum pyrolysis (full process + Recovery of Li,O concentrate
recycling GmbH <300t/year  with EAF smelting in + Early separation of valuable components
(Miihlheim, Germany)  (mech. development) + Co, Ni, Mn as metal alloy
ACCUREC-IME pretreatment) + High flexibility
— only pilot scale
Xstrata, Ni Corp. Combined Conditioning (rotary kiln) and + Economic process integration
(Falconbridge, (integrated) introducing into a Co-/Ni + Ni, Co in metallic form
Ontario, Canada) >5000 t/year winning process (EAF) with — Low recycling efficiency

subsequent hydrometallurgy

— No recovery of Li, Al, electrolyte,
graphite, plastics

Inmetco Inc. (Ellwood City, USA): commercial plant.

Dowa Eco-System Co. Ltd (Japan): >1000 t/year commercial plant.
JX Nippon Mining & Metals Co. (Tsuruga, Japan): commercial plant.
BATREC Ind. AG (Wimmis, Switzerland): <300 t/year only pilot plant for pretreatment.
RECUPYL S.A. (Grenoble, France): <300 t/year only pilot plant for pretreatment.
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applications (9—13%). Other applications are,
for example, the use of Al—Li alloys in airplane
construction or the medical application of
lithium to treat depression. Lithium end-use
markets have all increased (5.6% per year be-
tween 2000 and 2011), and world consumption
was estimated to be approximately 26,000 Mt
in 2011 (Jaskula, 2012a).

The widespread and constantly increasing
use of Li ion batteries in the last two decades
leads to an increased battery scrap generation,
which is the only one of interest for lithium
recycling up to now. Li ion batteries contain
high amounts of valuable metals, but since
all battery producers sell their own specific
types it is difficult to specify exact metal
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contents in battery scrap mixtures (Table
10.4). Cobalt especially has a strong influence
on the economic efficiency of a suitable recy-
cling process for (small and mid-size) battery
cells as well as (large-size) electric vehicle bat-
tery systems.

Various battery recycling projects under
development can basically be divided into pyro-
metallurgical, hydrometallurgical and hybrid
(combined) processes. Besides utilization of
specialized battery recycling processes, the
addition of spent batteries to existing large-
scale processes, which are not dedicated to bat-
tery recycling (e.g. extractive cobalt or nickel
metallurgy), is common practice and very often
an economical advantage (Table 10.5).

Dismantled LiB-cells from (H)EV-application/production

Offgas
v (electrolyte)
Deactivation —f
(Vacumm and thermal)
]
Mechanical separation Al-Cu, Fe
(conventional) -metal
Li-Co-Ni-Mn-C
concentrate
|
Chemicals
l Agglomeration
(conventional)
Hydrometallurgical l
refining
(leaching, cementation, Pyromet treatment
precipitation)
Residues Walste ) 1 y
Li-flue dust Sla
water  concentrate 2
Pure .
Ni-, Co- salts, il

Li-Carbonate

IME-Accurec Hydro IME-Accurec Pyro

Offgas

Offgas l Offgas
Mechanical separation I Pyromet I
(cover gas, low temperature) treatment
Light fraction| Al-Cu-Fe-metal l l
organic organic
Flue dust Slag
Li-Co-Ni-Mn-C
concentrate
1 Offgas Ni-Co-Mn-Cu-Fe
alloy
Agglomeration _f
(non conventional)
l Offgas
| Pyromet treatment
l 1 Chemicals
Flue dust Slag ‘ .
Hydrometallurgical
: refining
Ni-Co-Mn (leaching, cementation,
aIon SX, precipitation)
Residues Waste
water
Pure
Ni-, Co- salts
“Gas-control” “Direct”

FIGURE 10.11 Potential recycling routes for electric vehicle battery scrap (Friedrich et al., 2011). (H)EV, (hybrid) electric

vehicle.
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Sb-production

’ Sb,0;-production
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FIGURE 10.12 Antimony circula-

Simplified flow charts of the potential recy-
cling routes for (hybrid) electric vehicle battery
scrap ((H)EV) are illustrated in Figure 10.11. Until
now, only the “direct” route is realized on an in-
dustrial scale. In summary, Li ion battery recy-
cling is in its infancy, and only a little EOL
recycling in any form is occurring today (EOL
recycling rate: <1% (UNEP, 2011)). Increased Li
prices could change the current recycling
schemes to focus more on the Li content.

10.5.2 Antimony

Most antimony is used in form of trioxide
(Sb203), mainly to enhance the flame-retardant

(today ca. 90% China) (e.g. China) tion in Europe (today and in future).
—+ f : WEEE, waste of electrical and elec-
t i i t.
Sb,0,-production ! romie equipmen
(in Europe) |
I
Y v 3
(Flame-retarded) plastics - Pb/Sb-alloy - g
manufacturing production E
v v :
[~
Lifetime plastics Miizie 7t Al g
P acid batteries ‘g’
| I 4
WEEE spent Pb/Sb- 5
acid batteries @
©— | — :
(Sb-input via o
concentrates) (Processing), (Processing), .:_
Cu-pyrometallurgy, Pb-pyrometallurgy o
Cu-electrolysis g
Slag S m— Refined Pb Antimonial Pb-
(Sb-loss) Refined Cu v
Flue dust, Pb/Sbh-mixed oxides
anode slime
Sb (E tt
Cua./or Pb (5b contents) - —> EE;)nra)o
(Sb-input ‘
via scraps)
Electric furnace
Further
products ¢
Pb,
(Sb, Ca, Ag)
(Strongly increasing Sb-material flow in future)

properties of plastics, rubber, textiles and other
combustibles (72—75%) as well as a decolorizing
and refining agent in the manufacture of glass
and ceramics (9%), and furthermore as alloying
element for grid metal in lead—acid battery
production (19%) (European Commission-
Enterprise and Industry, 2010; Angerer et al.,
2009). Other applications for lead—antimony al-
loys are, for example, ammunition, antifriction
bearings, cable sheaths, corrosion-resistant
pumps and pipes, roof sheet solder and tank lin-
ing (Carlin, 2012). In the United States, the three
main categories of consumption (metal products,
nonmetal products, flame retardants) increased
by 15% between 2010 and 2011; the use in flame

II. RECYCLING — APPLICATION & TECHNOLOGY



148

retardants is expected to remain the principal
global use for antimony, while the battery sector
loses importance due to new battery technolo-
gies (Carlin, 2012; European Commission-
Enterprise and Industry, 2010). World mine pro-
duction was estimated to be approximately
178,000 Mt of antimony in 2011 (Carlin, 2012).

Traditionally antimony is recycled from
lead—acid battery scrap, alloy scrap or WEEE
and is recovered as antimonial lead to be again
consumed by the battery industry with EOL
recycling rates between 10 and 25% (European
Commission-Enterprise and Industry, 2010;
UNEP, 2011): In a first smelting/reduction step
the scrap is charged into blast, reverberatory
or rotary furnaces where antimony is dissolved
in an impure lead bullion or a lead alloy. During
subsequent refining to pure lead (mostly in a
pyrometallurgical selective oxidation step) it is
selected as low-quality Pb/Sb mixed oxide
(see Figure 10.12). Changing trends in lead—acid
battery production (calcium additive instead of
antimony) have generally reduced the amount
of secondary antimony:

1. The increasing use in flame retardants is a
dissipative application without possible
recycling.

2. The availability of recyclable EOL scrap
(spent lead—acid batteries with Sb) is
decreasing.

3. The traditionally incoming low-quality Pb/
Sb mixed oxide is not suitable as an
ingredient for flame retardants.

This trend will continue in future and thus
the recycling rate will decline.
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11.1 INTRODUCTION

Wood from sustainably managed forests can
play important roles both as material and as
fuel in a transition to a low-carbon society.
Wood is widely used as an energy source and
as a physical and structural material in diverse
applications, including furniture and joinery,
pulp and paper, and construction material.
There is large potential to improve resource effi-
ciency and thereby reduce greenhouse gas
(GHG) emissions through efficient management
of post-use wood materials (IPCC, 2007). This
chapter explores post-use management of
wood products from resource efficiency and
climate perspectives. Primary energy and
GHG balances are important metrics to under-
stand the resource efficiency of climate change
mitigation strategies involving post-use wood
products. This chapter describes the mecha-
nisms through which post-use management
of recovered wood materials can affect
primary energy use and GHG impacts of
wood products. To further understand the im-
plications of different post-use management
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options for wood products, we then explore
several quantitative case-studies.

11.2 BACKGROUND

In contrast to materials such as steel and
concrete, which are manufactured through tech-
nological processes in factories, wood is pro-
duced through natural biological processes
occurring in growing trees. By dry weight,
wood has an elemental composition of about
50% carbon, 44% oxygen, 6% hydrogen, and
trace amounts of several minerals (Pettersen,
1984). These elements return to the environment
when a wood product is burned or decayed at
the end of its service life. Carbon, oxygen and
hydrogen generally return in the form of CO,
and HpO. The elements thus become bio-
available for other trees to use in their growth,
leading to continual cycling of materials.

The lifecycle of wood products begins with
forest management activities, e.g. seedling
cultivation, tree planting and forest thinning.
This is followed by harvesting and processing

Copyright © 2014 Elsevier Inc. All rights reserved.
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of logs into lumber, and the manufacture, use
and end-of-life management of the finished
wood products. In addition to the principal
flows of round wood and primary wood prod-
ucts, considerable coproducts are generated,
e.g. residues from silviculture, harvesting, pri-
mary processing when logs are sawn into
lumber, and in secondary processing to make
products such as doors and windows (Gus-
tavsson and Sathre, 2011). The use of wood
as material or fuel has feedback mechanisms
that affect total energy use and GHG emis-
sions. Relatively little energy is needed for
the manufacture and processing of wood-
based materials compared to non-wood alter-
natives such as concrete and steel (Gustavsson
and Sathre, 2006; Perez-Garcia et al., 2005;
IPCC, 2007). Typically, wood-based products
use mainly biomass residues for processing
energy and have lower climate impacts than
non-wood alternatives (Gustavsson et al.,
2006).

Post-use management options for wood
products include reuse, recycling, energy recov-
ery and landfilling with or without the capture
of landfill gas (LFG). Reuse of end-of-life prod-
ucts involves the further use of a recovered
product in a similar application without reproc-
essing, while recycling entails reprocessing it to
produce a new type of product. For example,
large wood frames may be reused in similar
structural applications or be remilled (and
recycled) into wood flooring. Recovered wood
products may be used in different applications,
including as raw material for production of
particleboard, oriented strand board, medium
density fiberboard and animal bedding and
mulches. In some areas, deposition in landfills
is the most common fate for post-use wood ma-
terial. For example, in North America demoli-
tion waste including wood material is typically
disposed in landfills (Salazar and Meil, 2009).
This, however, is prohibited in the EU and in
some states in the United States (Defra, 2012).
While landfilling has typically been the default
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baseline from which recycling benefits may be
measured, in many European countries the
default practice may now be to burn untreated
wood in conventional energy plants and treated
wood in specific incineration plants.

End-of-life management is the single most
significant variable for the full lifecycle energy
and carbon profiles of wood products (Gustavs-
son and Sathre, 2009; Sathre and O’Connor,
2010). Post-use wood products contain signifi-
cant amounts of energy stored in chemical
bonds that can be recovered and used to substi-
tute fossil fuels, avoiding fossil emissions (Gus-
tavsson et al., 2006). Currently, woody biomass
provides 9% of the global total primary energy,
which is more than the share from all other
renewable energy sources or nuclear energy
(FAO, 2010; IEA, 2009). The share of woody
biomass in the global energy mix is projected
to double in the coming decades (Mead, 2005).
Energy recovery from post-use wood will be
an increasingly important component of these
renewable energy sources.

Post-use wood products are a potentially
important resource in many countries, and
Falk and McKeever (2004) observed that up to
90% of solid post-use wood may be recovered.
Incomplete data make it difficult to know pre-
cisely how much is currently recovered in
different countries (Defra, 2012), although a
detailed inventory compiled the sources and
quantities of recovered wood in 20 countries in
the EU (COST Action E31, 2007). About 30 Mt
of solid wood was recovered annually in these
countries together, corresponding to about 13%
of their annual round wood use. Falk and
McKeever (2004) reported that 62.5 Mt of solid
wood waste was generated in the United States
in 2002, most of which was landfilled. They
observed that 43% of the generated solid wood
waste was suitable for recovery and reuse.
Post-use wood may be recovered from construc-
tion and demolition sites, municipal and indus-
trial waste, furniture and joinery manufacture,
packaging and pallets. Other sources of
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recovered wood include post-use railroad ties
and utility poles, which are often treated with
chemical preservative. Incomplete data make it
difficult to estimate how much recovered
wood is used globally as bioenergy or as raw
material. In the EU, 9.1 and 9.7 Mt of recovered
wood were used as bioenergy and as raw mate-
rial in 2007, respectively (Mantau et al., 2010).
The share of recovered wood used as bioenergy
or as raw material varies significantly among
EU countries. For example, 90% of recovered
wood in Sweden is used as bioenergy, while
70% of recovered wood in France is used as
raw material for further wood processing (Man-
tau et al., 2010). Typically, post-use wooden ma-
terials are transported to material sorting or
recycling sites where they are sorted according
to size and quality, screened for contaminants,
cleaned and designated for different end-use
markets. Sorted clean and large wooden mate-
rials are typically used in higher value-added
applications while small wood may be used
for low-value purposes (CWC, 1997).

Few lifecycle studies provide comprehensive
analysis of the implications of different end-of-
life management options for wood products.
Salazar and Meil (2009) assessed the
energy and carbon balances of typical and
wood-intensive buildings and explored sce-
narios where end-of-life wood materials are
either disposed in landfill with recovery of
LFG or recovered of energy by combustion,
replacing fossil gas and coal for electricity pro-
duction. The results show that diverting the
post-use wood materials from the landfill for
combustion significantly improved the energy
and carbon balances of the buildings. Petersen
and Solberg (2002) analyzed the lifecycle GHG
emissions and cost-efficiency of structural
beams made with steel or glue laminated (glu-
lam) wood, including the impacts of different
end-of-life management scenarios for the
demolished wood and steel. They found that
the greatest GHG and energy benefits are
achieved when the wood is burned for energy
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to replace fossil fuels. Landfilling the wood
resulted in large atmospheric GHG emissions
due to the gradual anaerobic decomposition of
the wood, releasing methane. They concluded
that the differences in impacts between the glu-
lam wood beam and steel beam depend
strongly on how the post-use materials are
managed.

Dodoo et al. (2009) analyzed the effects of
post-use material management on the lifecycle
carbon balance of wood- and concrete-frame
buildings. The analysis included scenarios
where demolished wooden material is used for
energy to replace fossil fuels and demolished
steel and concrete are recycled to replace virgin
raw materials. They found that replacing fossil
fuel with the recovered wooden material gives
the greatest carbon benefit in the post-use phase
of the buildings. Sathre and Gustavsson (2006)
analyzed the effects of different post-use man-
agement options on the energy and carbon bal-
ances of wood lumber. Post-use options
included reuse as lumber, reprocessing as parti-
cleboard, pulping to form paper products and
burning for energy recovery. They compared en-
ergy and carbon balances of products made of
recovered wood to the balances of products
obtained from virgin wood fiber or from non-
wood material. They found that several mecha-
nisms affect the energy and carbon balances of
recovery wood: direct effects due to different
properties and logistics of virgin and recovered
materials, substitution effects due to the reduced
demand for non-wood materials when wood is
reused, and land use effects due to alternative
possible land uses when less timber harvest is
needed because of wood recovery. They
concluded that land use effects have the greatest
impact on energy and carbon balances, followed
by substitution effects, while direct effects are
relatively minor.

Studies on solid waste management sce-
narios have also included the impacts of post-
use wood products. Carpenter et al. (2013)
assessed the environmental impacts of different
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end-of-life management options for construc-
tion and demolition waste in a lifecycle perspec-
tive. They analyzed scenarios where wood
waste is either combusted with and without en-
ergy recovery or disposed in landfill with and
without LFG recovery. They found that all the
impact categories were significantly lower
when the wood waste is combusted with energy
recovery, compared to the other scenarios. Bolin
and Smith (2011a,b) explored the environmental
implications of landfilling or energy recovery of
preservative treated wood. The impacts
analyzed include energy use, GHG emissions,
acidification, eutrophication, smog and ecolog-
ical toxicity. The authors found that energy re-
covery of the preservative-treated wood results
in lower impacts for all categories except for
eutrophication and water use. They concluded
that appropriate combustion of preservative-
treated wood for energy recovery should be
permitted. Jambeck et al. (2007) compared the
environmental and economic tradeoffs associ-
ated with scenarios where treated wood waste
is landfilled or combusted for electricity produc-
tion in a waste-to-energy facility. The ash from
the wood combustion was assumed to be land-
filled. The economic analysis considered the
cost of waste collection, transport, treatment
and disposal, and the revenue generated from
the sale of electricity for the combustion for en-
ergy scenario.

Rivela et al. (2006) analyzed the system-wide
environmental impacts and trade-offs associ-
ated with the use of recovered wood for parti-
cleboard production or for bioenergy. When
the recovered wood is recycled into particle-
board, energy is assumed to come from natural
gas; when the recovered wood is used for bio-
energy, particleboard is assumed to be pro-
duced from virgin wood. Merrild and
Christensen (2009) analyzed the energy and
global warming impacts of recycling wood
into particleboard or producing particleboard
from virgin wood. They found that recycling
post-use wood into particleboard results in

11. RECYCLING OF LUMBER

significant energy and GHG savings compared
to the particleboard production from virgin
wood, primarily because of the avoided energy
for drying virgin wood. The study did not
include impacts from upstream activities and
processes, e.g. the fate of the forest if virgin
wood is not harvested.

11.3 KEY ISSUES IN POST-USE
MANAGEMENT OF WOOD

11.3.1 Post-use Wood in Integrated
lifecycle Flows

Post-use wood products can be managed as
part of an integrated flow of material and en-
ergy within and between the forestry,
manufacturing, construction, energy and waste
management sectors (see Figure 11.1). This inte-
gration, which valorizes the post-use materials,
can bring energetic, economic and environ-
mental advantages (Sathre and Gustavsson,
2009). Recovery and recycling of wood from
demolished buildings is becoming increasingly
common. The percentage of end-of-life wood
materials that is recoverable is variable, and de-
pends on the practical limitations linked to the
building design and whether material recovery
is facilitated through deconstruction. A high re-
covery percentage of demolition wood could be
achieved in future as the value of wood as an en-
ergy source is more widely recognized, and as
more buildings are designed and constructed
in ways that facilitate deconstruction to allow
greater recycling and reuse of building mate-
rials (Kibert, 2003). This may involve the
“design for disassembly” of buildings to facili-
tate the removal of wood products with mini-
mal damage, to maintain their potential for
further re-use as a material. Such optimization
of end-of-life product recovery and recycling
systems may become increasingly important,
to gain additional value from the wood as a
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FIGURE 11.1 Schematic diagram
of system-wide integrated material
flows of wood products.
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material before it is ultimately burned to recover
its feedstock energy.

11.3.2 Wood Cascading

Additional use of recovered wood material,
such as reusing as lumber, reprocessing as parti-
cleboard or pulping to form paper products, can
improve the environmental performance of the
material. Wood products are well suited for ma-
terial cascading, which has been suggested as a
strategy to increase the efficiency of resource use
(Haberl and Geissler, 2000). Cascading is the
sequential use of a resource for different pur-
poses as the resource quality degrades over
time. The cascade concept includes four dimen-
sions of resource economy: resource quality,
utilization time, salvageability and consump-
tion rate (Sirkin and ten Houten, 1994). In terms
of these four characteristics, optimal utilization
of wood resources is achieved by matching the
resource quality to the task being performed,
so as not to use a high-grade resource when a
lower-grade one will suffice; increasing the total
utility gained from a resource through prolong-
ing the time during which it is used for various
purposes; upgrading a resource through
salvaging and reprocessing, where appropriate,
for additional higher-grade uses; and balancing
the usage rate of a resource with the capacity of

forest land to regenerate lost resource quality.
Effective cascading use of post-use wood mate-
rials may fu