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compositional barrier to these goals. A growing number of studies and literature suggest that accumu-
lation of unwanted elements is a growing problem; for the case of aluminum, the list of problematic
impurities is quite large, including but not limited to Si, Mg, Ni, Zn, Pb, Cr, Fe, Cu, V, and Mn. The removal

] . of unwanted elements in the scrap stream is dictated by the energy considerations of the melt process.
Upgrading technologies .. . .. .
Impurity accumulation Compared to many metals, it is challenging to remove tramp elements from aluminium. Therefore, with
Aluminum no simple thermodynamic solution, producers must identify strategies throughout the production pro-
cess to mitigate this elemental accumulation. There are a variety of solutions to deal with accumulation of
undesired elements; each presents a trade-off between cost and efficacy (tramp removal). Dilution with
primary is the most common solution used in industry today; this has a negative impact on recycling as
the required dilution results in a compositionally determined cap to recycling rates. This article provides
an overview of the expanse of upgrading technologies available at both the industrial and lab-scale to
improve aluminum scrap purity and facilitate recycling.
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1. Motivation

Aluminum recycling has a number of key environmental and
economic benefits. Compared to other high volume materials,
aluminum production has one of the largest energy differences
between primary and secondary production: 186 M]/kg for primary
compared to 10-20 M]/kg for secondary (Green, 2007). With energy
and cost savings in mind, many producers now have targets of
increasing their usage of secondary materials (2002; Alcoa, 2006).
However, the accumulation of impurities in these recycled material
streams provides a significant, long-term compositional barrier to
these goals (Liu, 2003).

A growing number of studies and literature suggest that accu-
mulation of unwanted elements is a growing problem, in all
recycled material streams. In the case of aluminum, the list of prob-
lematic impurities is quite large, including but not limited to Si,
Mg, Ni, Zn, Pb, Cr, Fe, Cu, V, and Mn (Kim et al., 1997; Viklund-
White and Menad, 1999; Gesing, 2004; Lundqvist et al., 2004; Das,
2006; Gesing and Harbeck, 2008; Gaustad et al., 2010). Metal recy-
cling is a metallurgical process and is therefore governed by the
laws of thermodynamics. The removal of unwanted elements in
the scrap stream is dictated by the energy considerations of the
melt process. Compared to many metals, aluminum presents a high
degree of difficulty in the removal of tramp elements, due to ther-
modynamic barriers as detailed in Section 3. Therefore, with no
simple thermodynamic solution, producers must identify strate-
gies throughout the production process to mitigate this elemental
accumulation.

There are a variety of solutions to deal with the negative impact
on recycling due to accumulation of undesired elements; each
presents a trade-off between cost and improvement in scrap uti-
lization (or recycling) potential. Dilution with primary is the most
common solution used in industry today; this has a negative impact
on recycling as the required dilution results in a compositionally
determined cap to recycling rates. “Down-cycling”, where mate-
rials are recycled into lower value products, is another common
method of dealing with contaminated secondary materials; this
enables higher usage of recycled materials but negatively effects
recycling economics. A specific example of down-cycling is when
wrought scrap is used in cast products due to their ability to
accommodate higher silicon contamination. As important as these
operational strategies are to mitigating the negative effects of accu-
mulation, there are far more technological strategies available to
the producer when these operational strategies become ineffective.
This article aims to provide an overview of these upgrading tech-
nologies, categorized by the main mechanism in which they remove
unwanted elements either by (1) physically separating solid scrap
streams to prevent co-mingling of metals and elements or (2) refin-
ing technologies that attempt to chemically or kinetically move
unwanted particles and elements in the melt.

2. Pre-melt technologies: physical separation

While physical separation technologies can be applied to a wide
range of scrap streams, they are typically used for scrap that has
been shredded (Wilson et al., 1994). The majority of automotive
scrap, for example, goes through some sort of shredding process
before being sold to secondary re-melters. These automotive hulks
will be a focus of many of the upgrading technologies as they

make up a large portion of end-of-life recycled scraps (Kelly and
Matos, 2010). There are approximately 200 shredders operating
in North America; most use large hammer mills to smash scraps
such as end-of-life automotive hulks into pieces typically smaller
than four inches (Rousseau and Melin, 1989). Before using some
of the more advanced physical separation technologies described
below, general separation by particle size is often applied using
various screening methods. De-lacquering processes are also quite
common in which the scrap is heated to remove paints, paper and
plastic labels, and other coatings.

2.1. Magnetic

Magnetic separation is a way to separate the non-ferrous and
ferrous scrap components. Typically, a conveyor belt with the scrap
materials is fed near another conveyor belt equipped with NdFeB
magnets. As the scrap nears this magnet, the ferromagnetic por-
tion (mainly steel and some iron) is attracted to the magnet and
pulled onto the second conveyor belt while the non-ferrous por-
tion falls into a collection bin. This technology is used extensively
in the secondary aluminum industry. Its main limitations are that
further separation of the non-ferrous scrap stream is not possible
and it may still contain many contaminating portions that are not
magnetic such as plastic, glass, rubber, stainless steel, copper, zinc,
magnesium, etc.

2.2. Air separation

Technologies using air to separate scrap streams are known
by many different names: windsifting, air-knives, elutriation, win-
nowing, air columns, etc. Their differing names refer to the slightly
different mechanisms by which they work. Conveyor belt sys-
tems often use suction to pull off light-weight materials present
in shredded automobiles such as plastic, rubber, and foam. These
lightweight components are often referred to as “shredder residue”
and are usually landfilled (Gesing, 2001). In a vertical air separation
system, the recycled material stream is fed through a column with
air pushing upwards; the heavy metals are collected at the bottom
and the other materials are pushed through various feeds further
up. Most secondary remelter facilities will use some sort of air sepa-
ration technique to create a mostly metallic scrap stream. The main
drawback is the loss of lightweight metallic products such as used
beverage cans and shredded pieces that are of a smaller size (Veasey
etal.,, 1993).

2.3. Eddy current separation

Initially developed to sort aluminum cans from household
wastes, the use of eddy currents soon became standard industry
practice for further separation of non-ferrous automotive shred-
der residue. Eddy current separation takes advantage of the large
range in conductivities of many of the mixed metals present in
co-mingled automotive (and other) scraps (Table 1). Eddy cur-
rent separation is a similar concept to magnetic separation. A
rotor is lined with NdFeB magnets with alternating north and
south poles. The rotor produces an external magnetic field which
repels nonmagnetic electrically conductive metals; this results in
their expulsion from the scrap stream, leaving the non-metallic
particles. The magnetic field can be controlled with the speed of
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Table 1
Electrical conductivity of several metals.

Electrical conductivity Electrical conductivity

(x10% Qcm)! (x106 Q2 cm)!

Mn 0.006 Fe 0.093
Sb 0.028 Ni 0.143
Pb 0.048 Zn 0.166
Al 0.067 Mg 0.226
Cr 0.077 Cu 0.596
Fe 0.093 Ag 0.630
Ni 0.143

Table 2

List of automotive scrap component categories and typical density ranges (Callister,
2000).

Scrap components Density (g/cm?3)

Lead 10.8-11.0
Copper 8.0-9.0
Brass and bronze 5.0-7.0
Stainless steel 7.6-8.0
Zinc 5.5-7.2
Aluminum 2.6-2.9
Magnesium 1.7-19
Plastics 0.9-1.5
Rubber 0.8-0.9
Foams 0.01-0.5

the rotor. The eddy current (i) generated in a scrap metal can be
given by:
i:(K*V*B)*U*A 1)
L

where A is the cross-sectional area, L is the thickness, o is the con-
ductivity, B is the magnetic field flux density, v is the frequency
of oscillation, and (K*vU*B) is the potential difference across a scrap
fragment (Kercher and Webb, 1982). Because this technology relies
on the magnetic repulsion force to be generated within the mate-
rial, some shapes such as wires and foils fail to be separated out
as they do not produce a sufficient eddy current. Applications of
this technology to further separate the non-ferrous components
have beenreported (Gesing, 2001). The extension of this technology
takes advantage of the fact that metals with varying conductivity
will produce varying eddy currents and will therefore be thrown
different distances. By setting up collection bins at these varying
distances from the rotor, it is possible to separate the scrap stream
by base metal.

2.4. Sink float/heavy media separation

Sink float separation uses water-based slurries with known
specific gravity to separate non-ferrous materials with differing
densities. For example, in the case of a shredded automotive scrap
stream, many of the components have different densities (Table 2),
which makes it an excellent application of this technology. Fine par-
ticles are first screened out of the process; these are often landfilled
or shipped to hand sorting facilities. For a typical three step process,
the resulting course fraction starts in a water bath (specific grav-
ity of one), which enables separation of much of the non-metallic
fraction (plastics, foams, wood, etc.). Next, a 2.5 specific gravity-
bath separates magnesium and higher density plastics. To control
the specific gravity of the bath, magnetite or ferrosilicon powder
is added. The third bath has specific gravity of 3.5 and separates
the cast and wrought aluminum metals out leaving behind heavier
metal components such as copper, zinc, and lead. Some drawbacks
of this technology include the high cost of maintaining the constant
density slurries as well as the loss of hollow or boat-shaped metal
components.
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Fig. 1. Value of US scrap exports by country (Plunkert, 2010).

Fluidized bed sink float technology is also in development;
this is a dry technique using a bed of sand and forced airflow
through the bed. By changing the speed of the airflow one can
control the density of the sand and therefore separate different
density scraps without transferring them to different liquid baths.
Problems with lubricants on the scraps and difficulties in con-
trolling convection currents have prevented this technology from
commercialization.

2.5. Color sorting - by hand and spectrographic technologies

Color sorting takes advantage of the color difference between
scraps to separate zinc, copper, brass, and stainless steel from alu-
minum in a non-ferrous scrap stream. The most basic application
of color sorting is when metals are sorted by hand, a prevalent
practice in countries with low labor costs. United States exports of
scrap to these countries have been growing substantially in recent
years (Fig. 1); the value of scrap exported to Taiwan, Korea, Hong
Kong, and China has grown fivefold in five years. Empirical evidence
of the capabilities of hand sorting beyond observation have not
been reported; however, it is estimated that workers in China can
achieve accuracies up to 99% when sorting non-ferrous automotive
shred (Minter, 2006). Because of distinctive surface characteristics
that differ between them, it has also been cited that hand sorting
is capable of sorting wrought and cast aluminum fractions (Rao,
2006).

Color sorting can also occur through automated processes. A
computer analyzes images of each scrap and, based on speci-
fied color ranges, directs them to different feeds. The technology
is not impacted by the particle size or shape of the scraps so
it has many capabilities lacking in heavy media and eddy cur-
rent separation. To further separate non-ferrous metallic fractions,
chemical etching is often used in conjunction with color sort-
ing. This technology has the capability to separate aluminum by
alloy family. For example, copper sulfate dissolved in hydrochlo-
ric acid etchant enables a color sorter to identify 5XXX and 6XXX
series (magnesium containing) alloys (Schultz and Wyss, 2000).
Other etchants such as sulfuric acid will color high silicon and
manganese alloys a light gray color while zinc and copper con-
taining alloys will turn a darker color enabling separation of 2XXX,
3XXX, and 7XXX series alloys (Schultz and Wyss, 2000). Two key
barriers remain to widespread use of this method, however, (1)
the environmental and economic impact of the etching chemi-
cals, and (2) surface roughness (resulting from use) and the effect
of heat treatments done in processing can greatly impact the
resulting color of the scraps and therefore final identification and
separation.
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2.6. Other spectrographic techniques

Spectroscopy has become more widely used for identification
and sorting of aluminum and magnesium alloys in recent years. In
this technology, various scrap pieces pass by an array of sensors
which trigger one of three main activation methods: (1) X-rays,
(2) neutron flux, and (3) pulse laser. The relevant source hits the
metal which produces an emission: X-ray fluorescence by the X-
rays, gamma ray fluorescence by the neutron flux, and an optical
emission for the pulse laser. These spectra are read by varying types
of detectors and a computer then sends a signal that sends the piece
of scrap to the appropriate bin. Hand-held X-ray fluorescence (XRF)
units are currently in use, but their high cost prevents pervasive
use in scrap processing yards. For XRF, the spectral ratios of scrap
materials are determined according to their major alloying element
because aluminum has a very low characteristic radiation which
cannot be read unless under vacuum. Studies on the commercial
applicability of XRF in sorting have shown it to be capable of sep-
arating by major alloy family but cannot determine specific alloys
(Krotkov et al., 1993). Neutron activation requires long exposure
times to the neutron flux due to its limited intensity and therefore
has not been commercialized.

One technology in particular, laser induced breakdown spec-
troscopy (LIBS), which utilizes a pulse laser and optical emission
spectroscopy, has shown great promise for sorting of wrought and
cast aluminum (Gesing et al., 2003a). LIBS was first developed by
Los Alamos National Laboratory; its first application to composi-
tion identification of metallic scrap pieces was in 1990 in a joint
project with Metallgesellschaft, formerly a large mining and engi-
neering company based in Germany (Sattler, 1990; Sattler and
Yoshida, 1993). In this method, a sensor detects a piece of scrap
material which activates a pulse laser. The laser hits the surface
of the metal and produces an atomic emission. The optical spec-
tra are read by a polychromator and a photodiode detector which
sends a signal to a computer system (Gesing et al., 2001a). The
system can then direct the piece of scrap to an appropriate bin
using a mechanical arm. Another system under development uti-
lizes an air table; where the detector sends a signal which triggers a
burst of air beneath the scrap metal thus ejecting it into the correct
container. LIBS has many advantages over current separation tech-
nologies for both automotive and aerospace applications as it has
the possibility for high speed and high volume. It has capabilities
to separate wrought and cast alloys and to sort wrought alloys by
alloy family (Gesing et al., 2002, 2003a). However, some drawbacks
to commercial use remain however. Pulse lasers can only penetrate
a small distance into the surface of a metal, and therefore the scrap
must be free of lubricants, paint, and other coatings. Even when the
scrap is clear of these, oxide formation on the surface could cause
erroneous readings. Regardless, this technology has been gaining
ground, especially in automotive applications (Gesing and Harbeck,
2008).

2.7. Hot crush

The hot crush process is a thermal-mechanical separation
method that is currently one of the few ways to successfully sepa-
rate wrought and cast aluminum alloys in industry. This process
takes advantage of the low eutectic temperature of cast alloys,
which are high in silicon. Because the cast alloys have a lower
melting temperature than the wrought alloys, holding or “soak-
ing” the mixed scrap at a temperature below the eutectic (~550°C)
will result in a weakening of the castings along their grain bound-
aries. A subsequent mechanical crushing or grinding then causes
those alloys to break and they can be separated from the wrought
with various particle size screening processes. A positive side effect
of the heating phase is that painted scrap also experiences some
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Fig. 2. Diagram of possible physical separation sequence for co-mingled scrap, par-
ticularly automotive.

delacquering. Studies have shown the technology to be 96% effec-
tive in separating a mixed wrought-cast stream (DeGaspari, 1999).
However, successful segregation requires that the initial scraps be
fairly large in size as the screening portion relies on the wrought
aluminum remaining that way. Therefore, separation of shredded
scrap streams or smaller products is not possible.

2.8. Summary of physical separation technologies

Often, particularly in the case of shredded automotive hulks,
co-mingled scrap will be subjected to a variety of these physi-
cal separation technologies to achieve a relatively pure aluminum
scrap stream for melting. The technologies used and their use
sequence varies between different secondary producers and scrap
processors. A typical physical separation sequence is shown in
Fig. 2.

3. Melt technologies: refining

Once scrap material enters the furnace, physical separation
technologies can no longer be applied. Technologies aimed at
removing impurities from the melt are quite prevalent. Melting is
a metallurgical process and is therefore governed by the laws of
thermodynamics. The removal of unwanted elements in the scrap
stream is dictated by the energy considerations of the melt pro-
cess. In the case of aluminum, the thermodynamic barrier to the
removal of most elements is quite large. Fig. 3 shows an Ellingham
diagram for alumina reduction illustrating the Gibbs free energy
change as a function of temperature for various oxidation reactions.
The main reaction of note, reduction of alumina to aluminum metal
as expressed in Eq. (2), is the thick black line in the middle of Fig. 3.
One can see that the majority of equilibrium lines are at a higher
free energy than aluminum, indicating that no partial pressure of
oxygen would allow them to be oxidized into the slag. Of the ele-
ments shown here, only magnesium and calcium can be effectively
removed from the melt by simple oxidation. In the case of iron and
by extension, steel as shown in Fig. 3, only copper and nickel have a
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Fig. 3. Ellingham diagram for various reactions (Kubaschewski et al., 1979; Ragone, 1995).

Table 3
Melting temperature of several metals.

Melting temperature

Tin (Sn) 232°C 449°F
Lead (Pb) 327°C 621°F
Zinc (Zn) 419°C 787°F
Aluminum (Al) 660°C 1220°F

higher free energy than iron oxide reduction and therefore all other
elements listed can be efficiently removed from the melt.

(4/3)Al + 0, = (2/3)Al,03 (2)

Selective melting, or “sweating”, is often performed to separate
contaminating metals that have not been removed by physical
separation techniques; particularly when metal parts are welded
together. When sweating, a reverbatory or rotary furnace is used
and the temperature is stepped and held at different intervals
to take advantage of contaminating metals with lower melting
temperatures than aluminum (Table 3). The unwanted melted
materials can then be easily removed prior to melting down the
aluminum portion.

3.1. Fluxing

The most common technology aimed at removing impurities
from the melt is simple fluxing. Fluxing is when various compounds
(usually inorganic salts), chemicals, and gases are added to: (1)
reduce oxidation, (2) encourage certain elements to migrate into
the dross, or top layer of the melt, (3) increase the fluidity or wet-
tability of the melt which facilitates the separation of inclusions,
(4) remove hydrogen and nitrogen gas, and (5) remove Ca, Sr, Na,
Mg, and Li (Utigard et al., 1998). Fluxes are useful in removing
calcium, magnesium, sodium, etc. from aluminum by serving as
catalysts for their equilibrium oxidation reactions (cf. Fig. 3). They
will form more stable chlorides and fluorides than aluminum which
can then be removed from the melt through sedimentation or dross
formation depending on their resulting density. For example, addi-
tion of AlCl3 will cause the following reaction: Mg+ Cl, — MgCl,.
MgCl, has a lower density than liquid aluminum and will migrate
to the dross. The most common solid fluxes in use include KCl, NaCl,
NaF, AlF3;, and MgCl; and common fluoride salt additions such as

NasAlFg (cryolite), CaF,, and Na,SiFg (Utigard et al., 1998). Many
of the fluoride fluxes are capable of slightly dissolving thin oxide
films and therefore expose aluminum metal improving the metallic
yield. While the use of fluxes is prevalent in secondary aluminum
processing, there are still several drawbacks. One limitation is thata
large amount of flux may be required to achieve efficient reactions.
For example, studies estimate that for a 100% efficient reaction,
2.95 kg of chlorine would be required to remove 1.0 kg of magne-
sium. Therefore, for a typical wrought 5XXX or 6XXX series scrap
melt, it would require up to 120 kg of chlorine gas to remove the
magnesium from one metric ton of aluminum (Utigard et al., 1998).
Also, chlorides and fluorides produce toxic and dangerous gases
which must then be filtered from emissions.

3.2. Hoopes process

Certain applications of aluminum metal, such as foil for capac-
itors and disk blanks, require extremely low levels of impurity
elements and inclusions. Often, primary aluminum will have lev-
els of silicon and iron that are too high for these applications due
to pick-up from stirring equipment and the furnace refractories.
Therefore, the production of high purity aluminum (>99.97% or
3N7)requires various refining technologies and these technologies
can remove accumulated tramp elements from scrap melts as well.
A common refining technology is a three-layer process referred to
as the Hoopes process. The three density separated layers consist
of an aluminum copper alloy on the bottom which serves as the
anode, a layer of molten electrolyte, and the top layer of molten
purified aluminum. The scrap aluminum is added to the anode
layer and purifies as it is electrolytically transported to the cath-
ode layer because the other elemental impurities will not migrate.
The three-layer electrolytic process requires high temperatures
(700-900°C) and is very energy intensive (17-18 kWh/kg). As pri-
mary production requires approximately 14 kWh/kg, it is therefore
only appropriate for extremely high purity production (Kondo et al.,
1990).

3.3. Low temperature electrolysis

Low temperature (~100 °C) electro-refining methods have been
shown to produce aluminum of 99.89% purity (Kamavaram et al.,
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2003). The lower temperature electrolysis can provide significant
energy savings over the Hoopes process. For this, anhydrous alu-
minum chlorides are used to form an ionic liquid; the aluminum
that needs to be refined is placed in this solution and becomes
the anode. The purified aluminum is electrodeposited on a pure
aluminum or copper cathode according to the following electro-
chemical reactions: (1) Al alloy (anode) + 7AICl;~ — 4Al,Cl;~ +3e~
and (2) 4Al,;Cl;~ +3e~ — pure Al (cathode) + 7AlICl4 . This electrol-
ysis is capable of removing Mn, Fe, Si, Cu, Zn, Ni, and Pb (Kamavaram
etal.,2003). Because the ionic liquids are stable at the lower operat-
ing temperature, they can be reused thus making the process more
environmentally friendly.

3.4. Segregation

Segregation processes fall into two categories: unidirectional
solidification and fractional crystallization (Kondo et al., 1990). Uni-
directional solidification, also referred to as zone melting, is still
in the research and development phase and has shown promise
for purifying bars of aluminum metal (Sillekens et al., 2000). By
tightly controlling melting and re-solidification of the metal, the
technology forces unwanted impurity elements to migrate or con-
centrate in one region. This is accomplished by slowly pulling a bar
of aluminum metal through a ring-shaped furnace, creating a trav-
eling molten zone in the bar. As the bar cools, purified crystals of
aluminum will form and the impurity elements will remain in the
molten zone. The pulling rate controls the speed of recrystallization
and, therefore, the degree of purity of the re-solidified portion (Rao,
2006). The impurity elements can then be condensed in the end of
the sample bar and this portion may be removed. Zone melting
has a lower refining ratio than fractional crystallization but some
studies suggest it may be better suited to mass production (Rao,
2006).

The fractional crystallization refining process is typically used
to remove impurities from primary aluminum in order to produce
very high purity aluminum (>99.97% or 3N7). Fractional crystalliza-
tion provides cost savings compared to both three-layer electrolytic
refining and zone refining (Kahveci and Unal, 2000). The Alcoa
fractional crystallization method has been shown to produce alu-
minum of 3N7 to 6N quality; typical applications include memory
disks, capacitor foil, and other electronic applications (Kahveci and
Unal, 2000). However, in recent years, this technology has been
extended to refining scraps; in Kahveci and Unal’s study (Kahveci
and Unal, 2000) a 5XXX series scrap material was tested. In the
fractional crystallization process, the melt surface is cooled rapidly
in order to form aluminum crystals. These purified crystals settle
to the bottom of the furnace and the remaining liquid continues
to accumulate impurities. The remaining liquid aluminum (con-
taining high levels of impurities) is removed from the furnace
first; this material is referred to as the “downgrade”. The purified
crystals left in the bottom of the furnace are then re-melted and
removed; this material is referred to as the “upgrade”. This pro-
cess can be done in multiple refining steps to achieve a high purity
metal.

This technology takes advantage of the thermodynamic behav-
ior of dilute eutectic binary systems; specifically, above the eutectic
temperature the solute material will be present in the liquid while
the solid that forms will be high purity aluminum. One can esti-
mate the degree to which an element can be removed by examining
the binary phase diagram and calculating the thermodynamic or
equilibrium distribution coefficient. In the literature, equilibrium
distribution coefficients are calculated in two ways as either (1)
the ratio of the solute concentration in the solid to the solute con-
centration in the liquid, or (2) the ratio of the solute concentration
in the solid to the original concentration of the solute. The values
as calculated according to Eq. (3) from two studies, one at Alcoa

Table 4
Equilibrium distribution coefficients as calculated by the Alcoa (Kahveci and Unal,
2000) and Delft (Sillekens et al., 2000) studies ( x, not provided by Delft study).

Alcoa Delft
Sn 0.001 0
Fe 0.03 0.03
B 0.045 x
Ni 0.008 0
Si 0.1 0.13
Cu 0.14 0.17
Ga 0.2 0.20°
Mg 0.25 045
Zn 0.5 0.87
Mn 0.93 0.62
Cr 1.9 x
\Y 2.4 x
Zr 2.55 X
Ti 6.7 X

" Estimated and not calculated for the Delft study.

Table 5
Boiling point of several metals.

Boiling point (°C) Boiling point (°C)

Zn 907 Al 2467
Mg 1107 Cu 2567
Pb 1740 Cr 2672
Mn 1962 Ni 2732
Si 2355 Fe 2750

(Kahveci and Unal, 2000) and one at Delft (Sillekens et al., 2000), are
reported in Table 4. Elements that form a peritecticin the aluminum
binary phase diagram will have equilibrium distribution coefficient
greater than one (Cr, V, Zr, Ti) and will therefore accumulate in the
upgraded portion of the melt. Therefore, these impurities must be
removed from the melt before the refining process; this is typically
accomplished using boride formation. The lower the distribution
coefficient, the more that impurity will partition in the liquid and
therefore more of it can be removed from the upgraded portion.
For example, Fe, Ni, and Si can be almost wholly removed from the
purified aluminum stream while Mn and Zn will remain in a higher
concentration.

Csolute in solid Csolute in solid
solute 1n soli , Delftk: solute 1n solu (3)

Csolute original

Alcoak =
Csolute in liquid

3.5. Distillation technologies

The increasing number of lithium containing aluminum alloys
(typically 2% Li by weight) currently being produced has focused
increased attention on methods to remove excess lithium in order
to recycle these materials. Vacuum distillation has been identified
as one of the few cost-effective techniques for removing lithium,
which is very reactive to refractories in the melt phase (Rao, 2006).
In most distillation processes, a metallic melt is held at a controlled
temperature and vapor pressure. The melt is brought to above the
boiling point of the element that is to be removed while remaining
well below the boiling point of aluminum and most other met-
als present (Table 5). Vapor collection and condensation results
in a high-purity byproduct in addition to the increased aluminum
purity.

Zincdistillation is used to upgrade zinc containing metallic scrap
streams in the zinc secondary processing industry. However, its
extension to removing zinc from aluminum melts is still in the
research and development stage. One study showed that a con-
tinuous agitation zinc distillation process was capable of reducing
an aluminum melt with >3 wt.% zinc to less than 0.1 wt.% (Ohtaki
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Summary of upgrading technology capabilities and state of use in industry.
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Technology

Ref.

Capability

Use

Physical separation and
pre-melt technologies

Chemical separation
and melt technologies

Shredding

Hand sorting

Magnetic sorting

Air separation

Heavy media/sink float

Eddy current

Color ID/etching

Spectrographic techniques

Hoopes process/electrolytic
Fractional crystallization
Unidirectional solidification
Distillation

Hot crush

Filters

Flotation
Fluxes

Rousseau and Melin (1989)

Spencer (2005)

Wilson et al. (1994)

Veasey et al. (1993)

Rousseau and Melin (1989)

Kercher and Webb (1982),
Schloemann (1982)

Wyss and Schultz (1999),
Gesing et al. (2000), Schultz
and Wyss (2000)

Gesing et al. (2001b, 2003b),
Gesing (2006)

Kamavaram et al. (2003)

Kahveci and Unal (2000),
Sillekens et al. (2000)

Kondo et al. (1990)

Ohtaki et al. (2000)

Ambrose et al. (1983),
DeGaspari (1999)

Frisvold et al. (1992), Oosumi
et al. (2000)

Veasey et al. (1993)

Utigard et al. (1998)

Size reduction of any scrap
stream

Capabilities vary, separate
non-ferrous components from
each other at best

Separate non-ferrous
components from steel
Separate lighter weight
materials (foams, plastics,
rubber, etc.) out of non-ferrous
scrap stream

Separate non-ferrous
components from each other
(Al, Mg, Cu, etc.)

Separate metallic from
non-metallic scraps

Separate zinc, copper, brass,
and stainless steel from
aluminum, in conjunction with
etching can separate Al by
alloy family

Sort co-mingled streams by
metal and alloy family,
capability to sort by alloy in
pilot plant stage

Removes Si, Fe, Mg, Mn, Cu, Zn,
Cr

Removes Si, Fe, Mg, Mn,

Removes Si, Fe, Cu, Mg, Mn, Zn
Removes Zn, Li from Al melt
Separate cast and wrought Al

Removes SiC, alumina
inclusions

Removes hydrogen
Prevent oxidation; remove
gases, Ca, Sr, Na, Mg, Li,
inclusions from Al melt

Wide industry use
~200 facilities in North
America

Industry use
concentrated in low
labor cost regions
Wide industry use

Wide industry use

Industry use ~10
facilities in North
America

Wide industry use

Some industry use

Small industry use,
pilot plant scale

Industry use, small
market
Pilot plant scale, R&D

Lab scale, R&D
Pilot plant scale, R&D
Little industry use

Wide industry use

Wide industry use
Pervasive industry use

et al., 2000). The mass transfer coefficient, K, effectively the zinc

removal rate, was calculated as:

4.1. Sedimentation

Sedimentation is the process of letting higher density inclu-

c\V
K=1In (?) = (4)
where C is the zinc concentration, C, is the initial zinc concentra-
tion, A is the surface area of the melt, V is the volume of the melt,
and t is the holding time. This removal rate was found to increase
with anincrease in holding temperature (Ohtaki et al., 2000). Distil-
lation holds much promise for removal of impurity elements from
aluminum as the removed element can be re-collected in a high
purity state and therefore reused as well.

4. Inclusion and hydrogen removal

Impurities beyond tramp elements are also present in most
recycled material streams. Inclusions, most commonly alumina,
SiC, and intermetallic compounds, can be problematic in aluminum
melts and must be removed to ensure certain properties. The
removal of inclusions is typically done in one of three ways: (1)
sedimentation, (2) flotation, and (3) filtration. Currently, alumina
inclusions are also removed by injecting chlorine gas in the melt.
However, due to the environmental and handling implications of
this gas, studies (Beland et al., 1998; Roy et al., 1998) have success-
fully demonstrated using salt-flux injections, namely KF and NaF
to replace chlorine gas use in inclusion removal. Their extension to
replacing chlorine gas for other inclusion types (SiC, intermetallics)
has been less successful (Utigard et al., 1998).

sion particles settle to the bottom of the furnace melt; this may
require additional melt holding time and therefore energy and cost.
This process would also apply to any metals that can be oxidized
from the melt (mainly calcium and magnesium). The sedimenta-
tion process is governed by Stokes law and as such, the smaller
the inclusions, the slower they will settle to the bottom of the fur-
nace. Using the Navier-Stokes equations one can calculate a settling
velocity, where the rate at which a particle will settle due to gravity
is balanced by the frictional and buoyant forces:

2(/)particle — Pfluid) 2

S 7 a— (5)
where Vs is the settling velocity, p is the density, u is the dynamic
velocity of the fluid, g is the gravity, and r is the radius of the par-
ticle assuming it is spherical. Engh found that for inclusion of a
size typically found in aluminum melts (~100 pm alumina), the
rates were far too slow (~8 cm/min) to be useful in most industrial
applications.

Vs =

4.2. Flotation

Also referred to as degassing, flotation is used to remove
entrapped hydrogen from aluminum casting melts. Hydrogen is
the only gas that has solubility in aluminum; this increases with
melt temperature. It is the main cause of porosity in solidified
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castings and ingots (Lin and Hoch, 1989). For the flotation process,
a chlorine and argon gas mixture is injected in the bottom of the
melt, as the bubbles rise, the hydrogen atoms diffuse to the bub-
ble surface and produce hydrogen gas within, thus expanding the
bubbles. When the bubble reaches the melt surface, the hydrogen
gas is released. The bubbles also help to encourage other low den-
sity inclusions to migrate to the dross layer at the surface of the
melt. The small percentage of chlorine in the gas will also help to
remove alkali impurities as outlined in Section 3.1. The injection of
fluxing agents combined with degassing or flotation technologies
is the subject of a large body of research (Veasey et al., 1993).

4.3. Filtration

Filtration is the mechanical removal of unwanted particles and
inclusions; the two most common types are cake and deep bed.
In cake filtration, the liquid metal is passed through a small filter
or screen; the particles and inclusions will be stopped and begin
to accumulate, forming a cake. As this cake gets larger, its filtering
capabilities increase. Studies have found that cake filtration is suc-
cessful in removing inclusions larger than 0.03 cm (Frisvold et al.,
1992). The more prevalent type of filtration in aluminum melt-
ing operations is deep bed filtration. A much larger filter with a
more complex path of porosity is used in this case, increasing the
path that particles and inclusions in the melt must travel. These
particles then become entrapped in the filter through friction, con-
finement, electrostatic forces, and chemical bonding. Developing
different filter materials is a large research area and successfully
tested prototypes have been made from cordierite, fiberglass, steel,
molybdenum, aluminum oxide, and silicon carbide bonded parti-
cles (Bakke et al., 1992; Desmoulins, 1992; Frisvold et al., 1992;
Oosumi et al., 2000). The depth and porosity of the filters plays
a large role in their inclusion removal efficiency (Keegam and
McCollum, 1992).

5. Discussion and conclusions

Table 6 summarizes the technologies covered, their capabili-
ties, and industry penetration. It should be noted that many more
technologies not covered here are in the research and development
phase. The uncertainty surrounding scaling up these technologies
combined with the wide range in technologies already available
highlights the fact that models are necessary in order for producers
to properly choose which upgrading technology will have the most
benefit in terms of value and increased scrap utilization for their
specific inputs and production portfolio.

Creating models for exploring issues of mitigating composi-
tional accumulation through upgrading technologies requires an
understanding of (1) the flow of end-of-life scrap materials, (2) a
method to evaluate how the economics of production are affected
by changes in technology, and (3) a characterization of how recy-
cling parameters influence accumulation in recycled streams. Each
of these topics has been explored previously and each has a rich
set of literature. Material flow analysis that tracks end-of-life alu-
minum scraps has been explored by the International Aluminum
Institute (Boin and Bertram, 2005; IAI, 2005) as well as compa-
nies such as Alcoa (Bruggink, 2000; Martchek, 2000, 2006, 2007).
Modelling tools for evaluating the economics of production are var-
ied; many producers make use of linear optimization techniques
(Lund et al., 1994). Blending problems have been addressed with
linear programming models for decades (Metzger and Schwarzbek,
1961). These models can improve decisions about raw materials
purchasing and mixing as well as the upgrading and sorting of sec-
ondary materials (Shih and Frey, 1995; Stuart and Lu, 2000; Cosquer
and Kirchain, 2003). One body of work has looked at the useful

combination of dynamic material flow analysis combined with
some form of batch planning optimization. This work has been
implemented to address aluminum recycling policy questions on
a large scale in Europe due in part to EU directives for automo-
tive recycling. Studies by van Schaik et al. (2002), van Schaik and
Reuter (2004) and Reuter et al. (2006) have used dynamic mod-
eling and large datasets to calculate optimized recovery rates for
end-of-life vehicles in order to guide operational and technological
decisions by recyclers and to provide reasonable recovery expecta-
tions for recyclers, and more broadly, legislators. The authors have
also applied dynamic material flow analysis with linear program-
ming techniques to look at evaluating upgrading technologies on
economic and environmental metrics (Gaustad et al., 2008) and
market-motivated scrap allocation (Gaustad et al., 2011).
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