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INTRODUCTION

Metals play an important part in modern societies and have historically been linked with
industrial development and improved living standards. Society can draw on metal resources from
Earth’'s crust as well as from metal discarded after use in the economy. |nefficient recovery of
metals from the economy increases reliance on primary resources and can impact nature by
increasing the dispersion of metals in ecosystems. Though the practice of recovering metals for
their value dates back to ancient civilizations (1), today, the protection of Earth’s resource

endowments and ecosystems adds to the incentive for recovering metals after use.

Industrial society values metals for their many useful properties. Their strength makes
them the preferred materia to provide structure, as girders for buildings, rails for trains, chassis
for automobiles, and containers for liquids. Metals are also uniquely suited to conduct heat (heat
exchangers) and electricity (wires), functions that are indispensable to industrial economies.
Finaly, metals and their compounds are used for their chemical properties as catalysts for
chemical reactions, additives to glass, electrodes in batteries, and many other applications. The
basic and unique properties of metals, including the ability to work them into complex shapes (i.e.,
ductility), insure that long term demand for metals will certainly grow. Opinions on long-term
metals demand range from predictions that growth in demand will pace the global economy (2) to
the position that the ascent of knowledge-based industries as economic drivers, competition from
other materials, greater consumption of lighter more sophisticated metal products, and more

efficient use in the economy will slow the rate of future growth (3, 4).



Metals can be recycled nearly indefinitely. Unlike polymer plastics, the properties of
metal's can be restored fully, though not always easily, regardless of their chemical or physical
form. Nevertheless, the ability to recover metals economically after use is largely afunction of
how they are used initially in the economy and their chemical reactivity. The success of secondary
metals markets depends on the cost of retrieving and processing metals embedded in abandoned

structures, discarded products, and other waste streams and its relation to primary metal prices.

Demand for scrap metals depends on industry structure and the availability of production
technol ogies that accommodate scrap feeds to yield value added products. This complex market
relies on the decisions of many independent actors including scrap deaers, brokers, dismantlers,
and smelters. Figure 1 shows the flow of metal among a sample of non-ferrous metal scrap
handlersin the New England region of the United States (5). The New England study concluded
that 95% or more of the recycled metal remains within the scrap system. Despite this apparent
high efficiency, the 5% losses compounded over decades introduce a significant amount of lost
metal either bound in scrap heaps or dispersed into the environment. The model of industrial
ecology emphasizes the containment and reuse of wastes generated by society as an overarching
guideline for improving environmental quality. To realize this model, industry and society should
work together to recover metals by recirculating metal from all secondary sources and losing a

minimum amount of materia from the industrial/socia system (6,7).

[Figure 1 here]



The commercial success of scrap markets in the United States is evidenced by the fact that
recovered metals comprise more than half of the metals input to producers. Inthe early 1990's,
net U.S. exports of scrap metal averaged 8-10 million metric tons (MMT) and net export earnings
totaled from $1.5-3 billion annually (8). International trade in scrap metal neared 40 MMT in
1995, rising more than 65% from alow level in the early 1980°'s (9). Global commercia interest
in secondary metals supports daily published price reports for secondary metals (10), industry
standards for metal scrap (11), and comprehensive global industry surveys of primary and

secondary production for individual metals (12).

Governments have historically been interested in the available supply of scrap metals
particularly during wartime. In the United States, the U.S. Bureau of Mines traditionally collected
information on secondary metals production and conducted research on secondary metals
processing for industry. Beginning in the 1980s, the Bureau began analyzing secondary and
primary metals trends in the context of other material classes, such as plastics and forest products
(13,14). Sincethe closing of the Bureau in 1995, this function has been assumed by the U.S.
Geologica Survey (USGS) Mineras Information team which continues to collect and analyze

data on secondary metals (15).

In the interest of containing metals once they have entered the industrial/socia system, we
identify barriers to this goa by describing the primary and secondary metal resources available to

society, current and past levels of metals recovery, processes for isolating and processing metals



from secondary sources, and the magjor environmental regulations affecting secondary metals
processors. We refer amost exclusively to data and examples from the United States, while

emphasizing the underlying science and technology which is universal.

One hundred percent recovery to satisfy demand represents more of a goal than an
attainable reality, even for precious metals where the incentive to recover value is highest. Thus,
even if demand for metals were to stay level in the future, new metal would always be sought.
Nonetheless, this exercise provides an incentive and a framework for examining alternatives to
dispersive metals use, improving conditions for the efficient operation of secondary metals
markets, identifying design changes for industrial and consumer products to provide for greater

recovery, and stimulating research on industrial processes for recovering metals.

METALS PRODUCTION FROM PRIMARY AND SECONDARY RESOURCES

Metal production begins with either primary or secondary resources. Primary resources,
or ores, contain relatively high concentrations of metals and are generally found at depths up to 1
kilometer beneath the surface. Secondary sources include all metals that have entered but no
longer serve a purpose in the economy. For metal producers, the choice of whether to use
primary or secondary sourcesis determined primarily by the type and capacity of existing capital

equipment, quality of the feed, meta prices, and relative supply.



Metals exist in nature mostly in combination with oxygen (oxides) or sulfur (sulfides).
Ore deposits are of three types. Thefirst class, high grade "dluvia" (such as the metal minedin
the "gold rush" of California) and "massive" deposits can be subjected directly to
pyrometallurgical (smelting) or hydrometallurgical (Ileaching) processesto produce metal. The
second class consists of metal compounds mixed with relatively valueless "gangue" mineras, like
slica(SiO,) and calcium carbonate (CaCOs), that after liberation by crushing and grinding can be
removed by physical separation methods (e.g., gravity or magnetic separation, flotation) to
produce high-grade concentrates for metallurgical processing. The third class includes finely
dispersed minerals that cannot be separated physically from the gangue minerals and must be
smelted or leached directly despite their low metal concentration. To process complex metal ores
that contain several metals in varying concentrations, metals producers have devel oped
sophisticated methods to separate and refine individual metals starting from complex minera

hosts.

Role of Thermodynamics and Kinetics

Recovering metals from primary or secondary resources generally requires chemical
processing to isolate the metal in the desired chemical form. Thermodynamic principles establish
the feasibility of a chemical reaction under certain operating conditions while kinetics (chemical
rate, mass and heat transfer) determine the overal rate at which the reaction will proceed. For

metal concentrates, recovering metal generally requires stripping metal atoms of oxygen or sulfur

' A small number of metals (e.g., boron, lithium, and magnesium) are extracted from naturally
occurring brines aswell as ores. Substantial amounts of vanadium are found in the residues of



atoms. Recovery of metal from scrap on the other hand generally requires removal of alloying
elements or the attainment of a given alloy composition. The melting point needed to be reached
for remelting and refining scrap metal is aso determined by the chemical composition of the scrap

which depends on the presence of alloying elements and other metals.

Determining whether the reaction will proceed depends on the available free energy of the
particular reaction and the latter is a function of temperature. For example, the Ellingham
diagram for oxidation-reduction reactions (Figure 2), plots the available free energy in kJmol of
oxygen reacted against temperature for all known oxidation reactions, including that of C, CO,
and H, and shows graphically the relative reducibility of any particular oxide. Considering the
most commonly used metal, iron, which is found naturally as an oxide and is reduced by carbon or
hydrogen to form metallic iron and CO, CO,, or H,O. Figure 2 shows that at 1200K, carbon will
reduce FeO but not Cr,O; which requires a higher temperature (16). Figure 2 also shows that
higher temperatures generally decrease the free energy of the reduction reaction and explain the
dominance of pyrometallurgy in primary metal production and recycling. Similar diagrams exist

for other metallic compounds such as chlorides and also for metals in agueous solutions.

[Figure 2 here]

Ellingham diagrams aso illustrate the available options for restoring value to secondary

metals sources. For example, the Ellingham diagram for chloride formation shows that it is

carboniferous materias like crude oil, coa, oil shale, and tar sands making petroleum refineries
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possible to remove magnesium from aluminum alloys by exposing the molten aloy to chlorine
gas. The same diagram shows that this method is only useful for magnesium, sodium, and

calcium, and that other refining methods must be used to remove other alloying elements (17).

Ore Reserves and Economics

Deciding whether to mine and process a given ore body relies on the current and projected
prices of the contained metals and their relation to the costs of production. The discovery of new
deposits increases the global supply. Technological advancesin the excavation and processing of
minerals that reduce production costs can render previously neglected ore bodies economically
recoverable. Asaresult, the quantity of ores considered as reserves changes dynamically with
technological innovation as well as fluctuationsin global metal prices. Table 1 shows global data
for several major metals in the year 1996 according to the USGS (18). The reserve base
(including resources currently uneconomic to mine) appears adequate for the near term even if
humanity relies exclusively on primary resources. However, fully exploiting the reserve base
would entail high environmental costs through significant emissions of carbon (19, 20) and sulfur

oxides and landscape disturbance for mineral exploration and devel opment.

Table 1. Primary metal resource consumption and reserve base

Resource World Mine Reserve base' (MMT) Reserve base/ Annual
(MMT) Production 1996 Mine Production
(MM T/year) (years)

and coal-burning utilities primary sources.

" Thereserve base is defined as “that part of an identified resource that meets specified minimum

physical and chemical criteriarelated to current mining and production practices, including those
9



Ores

Iron ore 1,000 232,000 232
Bauxite 111 28,000 252
Metals

Copper 10 610 61
Lead 2.8 120 43
Zinc 7.2 330 46
Magnesium 0.347 Recovered from natural brines and dolomite
Nickel 1.1 110 100
Tin 0.190 10 53
Tungsten 0.030 3.3 110
Cobalt 0.024 9 375
Mercury 0.003 0.24 80

Secondary metal supplies fall into two general classes, new and old scrap.” The former
refers to metal discards generated within an industrial setting, either at metals producers (ihome
scrapi) or from metals fabricators (iprompt industrial scrapi). Because new scrap stays within the
mill or factory, the quality (i.e., chemical composition) is generaly well known and homogeneous.
As aresult, this metal readily returns to the production loop. Old, or obsolete, scrap refersto
metal collected after use in the economy in the form of discarded infrastructure, industrial
equipment, or consumer goods. This scrap is more heterogeneous and often contains a mix of
metals, aloys, and non-metallics. Moreover, the buildup of resdua elements makes refining

difficult, reducing the market value of recycled metal with each cycle of recovery. The ability to

determine precise scrap concentrations constrain old scrap utilization. For example, erroneous

for grade, quality, thickness, and depth.” Not all of the resources included in the reserve base are
economically recoverable currently but have reasonable potentia for being so within planning
horizons beyond those that assume proven technology and current economics (USGS Minera
Commodity Summaries 1997, p.195).
"' “Purchased scrap” can refer to both new and old scrap but does not include the scrap generated
and reused within metals production facilities.
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estimates of bulk concentration made by extrapolating surface composition or through sampling

can serve to disrupt optimal production schedules.

Environmental Impacts of Metal Production

One of the most striking environmental benefits of secondary metals production is the
reduction in energy needed to produce aton of metal. The primary reason for this phenomenon is
that melting metal requires less energy than that needed for reducing naturally occurring oxides
and sulfides. Figure 3 compares the energy requirement for producing aton of aluminum, copper,
and steel starting from ore or scrap (21). Steel produced from primary ore uses three and one half
times more energy than steel from melted scrap. Copper from ore requires five to seven times
more energy than that required for processing recycled metal as this ratio rises with decreasing
ore grade. Aluminum from ore uses approximately twenty times more energy than from recycled

metal.

[Figure 3 here]

In addition to conserving energy resources, metals recycling also reduces mining and
beneficiation activities that disturb ecosystems. Though land used for the extraction of primary
metal s represents under 0.1% of Earth’s terrestrial surface (22), exploration and mining activity
can affect surrounding ecosystems due to necessary infrastructure and by dispersing metal
compounds into the environment, either as air borne particles or asions in agueous solutions.

Developing newly discovered resource deposits can aso damage sensitive ecosystems, especially

11



in less developed regions where the need for foreign exchange from mineral rents overshadows

domestic environmental concerns (23).

Recovery displaces metals from the US Municipa Solid Waste (MSW) stream, with
amost 9 MMT (8.8 MMT in 1995) of metal discarded to MSW landfills annually inthe U.S., a
little under 6% of the total MSW by weight. This same tonnage of metal entered the MSW steam
in 1960 and at that time accounted for over 10% of the waste stream (24). Two primary factors
contributed to diminishing the fraction of metals as a fraction of the total weight: @) Substitution
of plastic, paper, and aluminum (alighter metal) for steel in consumer products,; and b) The annua
recovery of over 5.5 MMT of metal from MSW. Thislevel of meta recovery represents a one

hundred fold increase from the amount recovered in 1960, Figure 4.

[Figure 4 here]

Stedl recovery from MSW began to rise significantly in the late 1980s. In 1995, about
31% of durable steel goods" (2.4 MMT), and 54% of steel containers and packaging (1.4 MMT)
were recovered (25). Nonferrous metal recovery came mainly from aluminum cans (0.9 MMT)
and lead acid batteries (0.825 MMT)." The remaining discarded metal divides into about 6.6

MMT in durable goods and 2.2 MMT in containers and packaging.

' Durable goods refer to appliances, furniture, tires, etc.
V" Does not include recovery of industrial lead batteries.
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Averting this flow of metalsto landfills relies on a network of collection programs and
processing facilities. Inthe U.S,, curbside recycling programs serve roughly half of the population
and include municipal collection of recyclables, centralized drop off centers, buy back centers,
deposit systems, and programs to recover recyclable waste from commercial entities. To process
the waste, over 300 Materials Recovery Facilities (MRF s) had the capacity to handle about 29.5
thousand metric tons (KMT) per day of partially sorted MSW in 1995 (5.7% of MSW) (26).
Mixed Waste Processing facilities that process unsorted MSW handled an additional 18 kKM T of
waste daily (3.5%). Responding to state government mandates across the U.S. (e.g., Ohio,
Cdifornia) to reduce the volume of MSW, the number of these processing facilities continues to

grow as does their use of automated separation equipment to replace manual sorters.

Secondary metals sources include other liquid and solid waste streams that are not
considered traditional scrap but contain significant metal concentrations. Examples include metal
dags, dross, and dusts from metal's producers and sludges generated from metal using industries.
Unlike traditional scrap recovery, the principal objective here is to reduce disposal costs and avoid
regulatory liability by removing metals from voluminous wastes. For these sources, the value of
the recovered metal at prevailing metal prices generaly provides insufficient economic incentive
to individual operators. Nonetheless, recovery from these sources amounts to substantial
guantities at the national scale. For a study on the concentrations of several metals from reported
USindustrial waste streams and the economic feasibility of increased meta recovery see Allen

and Behamanesh (27).
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RECOVERING METALS FROM WASTE STREAMS

Physical separation

The first stage in the recycling of metal is its separation from other materials. The
difficulty of separation increases with lower concentrations of metal in the source. Pieces of an
individual metal (e.g., copper wiresin cables) are easiest to recycle, while metals thinly distributed
in products (e.g., copper in printed circuit boards) require additional processing steps for
recovery. The largest single source of scrap metal from obsolete products comes from discarded
automobiles. At thefirst stage, valuable components are removed from the car hulk whose value
as parts far exceeds that of the contained material. After parts are stripped, the hulk is shredded
to yield aferrous and nonferrous metal fraction as well as Automotive Shredder Residue (ASR)
comprised of plastic, rubber, glass, carpet, etc. The auto scrap industry is highly efficient,
recycling 90-95% of the roughly 10 million automobiles discarded annualy in the U.S. and
producing about 11 MMT of iron and steel scrap in atypical year (28), aswell asover 0.7 MMT

of other metal scrap.

Separating the iron and steel from shredded automobiles takes direct advantage of their
magnetic properties to isolate them from nonferrous metals and non-metallics. Advancesin
materials science have led to the introduction of rare earth alloy permanent magnets with high
field strength (e.g., neodymium-boron-iron magnets that generate fields up 35 million gauss-
oersted) that require no power to operate and have sufficiently high fields to alow for the

recovery of even weakly magnetic stainless steels (29).
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Technologies for recovering metals from waste streams draw extensively on experience
gained with processing primary meta ores (30). Using traditional methods for the concentration
of primary oresin the mineral processing industries, secondary processors employ milling and
screening technologies to separate the metal fraction from mixed waste streams and facilitate
further processing. Scrap processors use devices ranging from the heavy duty equipment for
shredding automobiles to hammer mills that reduce the size of metal pieces combined with other
wastes in the MSW stream. In some cases, the mechanical separation itself helps prepare scrap
for the next processing stage by loosening coatings (e.g., vitreous enamel, tinplate) from metals.
Subsequent screening hel ps remove non-metallic contaminants and narrows the size distribution

of scrap to facilitate further processing (31).

To recover non-ferrous metals from mixed feeds, scrap processors exploit differencesin
physical characteristics, such as density and electromagnetic properties, for isolating metals from
other materials and from one another. Immersing mixed scrap feeds in high density liquids
produces a“sink” and “float” fraction that separate lighter metals such as aluminum and
magnesium from heavier ones like copper and zinc. Hydroclones afford greater control in
stratifying waste streams containing different metals and alloys by creating a density gradient
proportional to applied centrifugal forces. Air classifiers separate metals from non-metallics, such
as paper and plastic packaging, by allowing these lighter materials to be carried away by ajet of

air that is too weak to carry the heavier metal components of the waste (32).
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Both surface and bulk electromagnetic properties of metals can also be exploited to isolate
metal waste streams. For instance, differences in surface electrostatic properties allow scrap
handlers to remove plastic sheathing from copper and auminum wire (33). The eddy current
separator”’ produces an oscillating magnetic field that induces currents in conductors (i.e., metals)
that generate arepulsive force to separate them from non-conductors (34). After remova of the
ferrous fraction, conventional eddy current separators isolate nonferrous metals from non-
metallics. Advanced models can sort among various nonferrous metals as well. Though primarily
used for scrap recovery from shredded automobiles and M SW, these devices have been tested
successfully for recovery of fine metal fragments from industrial wastes like ground slag and

foundry sand.

Scrap processors use severa techniques to separate metal aloys. To achieve gross
separation, scrap handlers examine clean pieces of meta (e.g., drill cuttings that have not been
allowed to oxidize) to distinguish between copper (red) and zinc (yellow) aloys for instance.
More precise characterization is achieved by testing the aloy’ s reactivity when exposed to various
acids. Chemical spot testing, for instance, indicates the presence of the major alloying elementsin
2000 series (high copper), 5000 series (high magnesium), and 7000 series (high zinc) aluminum
alloys. Scrap handlers can also examine the spectroscopic signature of metal samples thus
determining alloy composition for any given sample. 1n 1990, spectroscopic analysis using lasers
was introduced in automobile shredding operations (35). On the basis of rapid spectroscopic

analysis of laser light reflected from a piece of metal, the mixed metal scrap is automatically sorted

¥ Patented by Thomas Edison in 1889
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into streams containing aluminum, zinc, and copper aloys, as well as stainless steel and lead
destined for different conveyor belts. The use of automated systems that rely on these various
methods for aloy separation should increase scrap throughput as well as scrap quality and thus

help society process more of the metal currently discarded.

Chemical separation

Several technologies dominate the industrial processes used to remove, or recover, metals
from industrial waste streams, including contaminated soils (36). The efficiency of metals
recovery in these cases depends on the metal concentration in the solution, properties of the host
solvent (e.g., pH, viscosity), and the other metals and chemicals also present in the solution.
Standard hydrometallurgical as well as pyrometallurgical processes are used to remove metals
from some industrial wastes. Depending on the waste stream, other recovery methods may be
appropriate. Chemical precipitation removes metal ions from agueous solutions by transforming
them into insoluble compounds which are then removed by physical methods. on exchange
techniques remove metal ions from solution by exchanging them with weakly bound ionsin aresin
or organic liquid. Membrane technologies rely on differences in the permeability of metals and the

host solution.

INDUSTRIAL WASTES U.S. federal regulations and industry adoption of waste minimization

guidelines have stimulated the development of metals recovery processes for by-product sludges,

flue dusts and other waste streams. Some emerging companies now specialize in the processing
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of such hazardous wastes. For instance, Encycle/Texas" uses hydrometallurgical technology to
separate copper, siver, nickel, lead, zinc, cadmium and chromium from the non-metallic
components in wastes and ships the resulting metals and metal compounds to primary or

secondary metal producers for re-use in processing (37).

INMETCO,"" amajor nickel and copper producer, speciaizes in the recovery of nickel,
chromium and iron from industrial flue dusts, filter cakes, mill scales, grindings, nickel-cadmium
batteries, and used catalysts using the INMETCO "High Temperature Metals Recovery Process.”
In 1993, the company processed over 54 KMT tons of such materials (38). This pyrometallurgical
process yields a nickel-chromium-iron alloy and an environmentally inert dag. The cast metal has
atypica composition of 10% nickel, 14% chromium, and 68% iron, with manganese,
molybdenum, and carbon forming the balance. Typical metal recoveries range from 89% for
chromium to 98% for nickel. This process has been designated by the US Environmental
Protection Agency (USEPA) as the "Best Demonstrated Available Technology” for the recovery
of nickel, chromium, and iron from electric arc furnace dusts, steel mill pickling wastes, plating

plant wastes, and nickel cadmium batteries, Figure 5.

[Figure 5 here]

Ash from coa combustion (U.S. generation ~ 100 MM T/year) contains considerable

amounts of silicon, iron, and aluminum oxides as well as other metallic oxides. The iron oxides

Vi A subsidiary of ASARCO, Inc.
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can be separated magnetically (39). The ash can aso be smelted to produce ferrosilicon and a
byproduct aluminum-rich slag (40). In the 1970is, the Electric Power Research Institute
investigated two hydrometallurgical processes (the Direct Acid Leach (DAL) and Pressure
Digestion-Acid Leach (PDAL)) for metals recovery from coal ash (41). Rayzman et al. (42)

review the technologies devel oped for metals recovery from coal ash since the late 1960's.

Another relatively obscure source of secondary metal is found in the metals flows
associated with Acid Mine Drainage (AMD). While contemporary mining regulations require
mine owners to seal mines after their useful life, mines abandoned decades and centuries ago were
simply left exposed to the elements. With time, the acidity levels in these mines rises as sulfurous
material lay exposed to water and air. The high acidity levels serve to mobilize metal atoms that
would otherwise remain bound in the geologic matrix. Streams and riversin old mining regions,
such as southwestern Pennsylvaniain the U.S. and the ancient Lavrion silver mines in Greece,
typically carry thousands of tons of metals values annually (43). These streams impact the
environment by introducing abnormally high metals to surrounding and aso distant ecosystems.
Most technical work done to address AMD problems has the explicit objective of remediating
past pollution. However, recent attempts in the U.S. and Europe have quantified the metal values
available from recovering these high concentration metals streams using chemical, biological, and
electrochemical technologies (44). For areview of the AMD treatment methods for remediation

and recovery see Gazea et al. (45).

Vit A subsidiary of the International Nickel Company (INCO).
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CHEMICAL CATALYSTS The value of minor metals used as chemical catalysts (e.g.,
molybdenum, vanadium, and cobalt) has stimulated industry to develop new methods for recovery
(46,47). Typicdly, these methods employ hydrometallurgical techniques to leach waste materials
in strong acid solutions and which are then subjected to solvent extraction or ion exchange
treatment to bind metal ions with an organic agent that is later "stripped"” to yield concentrated
solutions of individual metals. The individual metals can then be obtained from the solutions by

electrowinning or as precipitated sats of a particular metal.

Petroleum refineries use metal catalysts to remove sulfur compounds from crude ail, for
“cracking” it to smaller molecules, as well as other unit operations. Severa hydrometallurgical
processes have been developed for recovering molybdenum, vanadium, cobalt, and nickel from
petroleum catalysts (48). A typica spent catalyst contains 5-16% sulfur, 1-8% molybdenum, 1-
13% vanadium, 1-3% nickel, 10-30% carbon and 20-30% aluminum in the form of alumina
(Al,03). These materials are recycled by four™ principal processors globally. All together, they

handle about 65 kM T metric tons of catalysts annually (49).

Automobile emissions control in most developed countries is achieved with the help of
catalytic converters that use the platinum group metals (PGM), platinum, palladium and rhodium.
In 1992, the global use of these metals in automobile catalysts amounted to 1.5 million troy
ounces of platinum (34% of total global), 0.5 million ounces of palladium (13%) and 0.3 million

ounces of rhodium (87%). Catalytic converters consist of a stainless steel canister containing
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platinum group metals deposited on alumina with high surface area which lies on a substrate of
synthetic cordierite, a ceramic material. Depending on the size of the automobile, the weight of
the packed canister ranges from about 2 to 11 kg and typically contains about 1 kg of metal
catalyst per metric ton of packing. Recovering PGMs is accomplished by dissolving the contained
metals in a copper melt followed by conventional electrorefining of the copper, or leaching in
sulfuric acid solutions followed by electrowinning. Other processes in various stages of

development have been reviewed by Hoffman (50), Mishra (51), and Kuczynski et d. (52).

SECONDARY METAL PRODUCTION

Over the twentieth century, US metals consumption grew consistently until the mid
1970's, when several factors combined to reduce domestic demand, Figure 6. Though not shown
in the figure, the capacity and output of secondary production plantsin the U.S. grew significantly
during World War Il when national metal demand for armaments rose sharply and the war
severely restricted world metal exploration and trade. From 1939 to 1943, secondary copper
production rose amost 120% and secondary aluminum production shot up over 300% (53).
Recovery rates for secondary aluminum are only now beginning to approach World War 11 levels.
Following the energy shocks of the 1970s, metals demand failed to resume its upward trajectory
due to several factorsincluding saturated markets, other materials substituting for metals, and a
shift to lighter metals, most notably aluminum (54). Since 1960, when data on secondary metals

were first systematically collected, secondary metals production rose in fits and starts with an

" Gulf Chemica and Metalurgical Corp. in Texas; Taiyo Koko in Japan; CRI-MET in Louisiana;
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average annual increase of about 4.9%. Primary metal production grew at less than 0.5%

annually over the same period.

[Figure 6 here]

Steel dominates the metal tonnage handled by the secondary metal industry, but not the
value. 1n 1993, iron and steel comprised 90% of the weight of the old scrap recycled in the U.S.
while it represented only 42% of the metal value. In value terms, aluminum follows with 26%,

copper at 15%, and gold with 10% of old scrap vaue (55).

Several metals that are commonly alloyed with commodity steels to improve properties
(e.g., strength and machinability) follow steel through the recycling loop. For example, 75% of
molybdenum (1996 US consumption 14.5 KMT) went to iron and steel producersin 1996.
Depending on the fate of the steel, some of this metal will recycle in the genera ferrous scrap
stream. Similarly, vanadium (4.7 kMT) finds its primary use as an aloying agent for iron and
steel and most recovered vanadium recyclesin ferrous scrap. Asafina example, though the
recovery of manganese (716 KMT) as an individual metal is negligible, a considerable amount is

recycled annually during recovery of ferrous scrap and iron and steel dag.

The stainless steels provide another example of iron-based alloys that draw substantial

amounts of other metals for their production. These iron aloys contain chromium, nickel and

and Full Yidd Inc. in Taiwan.
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small amounts of other metals, and excel in their ability to resist corrosion, giving them longer
economic life. Thislongevity diminishes the immediate need for replacement metal and thus
displaces the need for new metal. Asin the case of other speciaty metals, the number of stainless
steels has proliferated. However, at present only two grades of stainless represent 65% of the
total world production of stainless: AlISI 304 (18% chromium, 8% nickel, balance iron) and AlSI
316 (16% chromium, 10% nickel, balance iron).(26) The smaller number of alloys increases the

possibility of developing closed loop recycling systems.

Superalloys containing iron, cobalt, nickel, niobium, and hafnium were developed for use
in high temperature corrosive environments like those found in jet engines and electric power
generators. The performance of these aloysis compromised at contaminant levelsaslow as 1
part per million. Therefore, most superalloy recovery relies on new scrap, or tightly controlled
old scrap streams originating in the aerospace sector. The same properties that make these alloys
attractive for their specific applications (i.e., high melting point and the formation of oxide filmsto
protect against corrosion) also makes difficult the use of traditional pyrometallurgical and

hydrometallurgical techniques for recycling.

Table 2 shows that bulk commodity metals such as steel, copper, and aluminum have
relatively high recovery percentages but reveals that the old scrap fraction is less than half of that
considered as ‘recycled’ (56). The table also shows that the bulk use of certain metals in standard
consumer products, such as lead in auto batteries and aluminum in used beverage cans (UBC’s),

significantly impacts recovery levels. Though recovery is expressed as a percent of current
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production, metal that enters secondary markets can be as little as 90 days old for aluminum cans
to 10 years for magnesium castings from automobiles and 20 or more years for steel scrap from
demolished buildings. Thisvarying time lag serves to increase the variety of scrap metals and
aloys entering the system at any given time reflecting historical changes in the composition of
commercia alloys.

Table2 Apparent consumption, and new and old scrap recovery for various metals in the US,
1996

Metal 1996 U.S. New Scrap Old Scrap  Comments
App. Cons. Recovery Recovery

(kMT) (kMT) (kMT)
Steel 112,000 38,000 32,000
Aluminum 6,300 1,700 1,400 60% old scrap from UBC's
Copper 2,700 880 400
Lead 1,550 - ~1,000 88% from auto batteries
Zinc 1,470 240 115 55% App. Cons. to galvanizing
Magnesium 171 35 30 55% App. Cons. to aluminum
Nickel 172 55 - 46% App. Cons. to stainless steel
Tin 48.4 4.4 7.6 30% App. Cons. to tinplate
Tungsten 151 2.7 80% App. Cons. to electrical
Cobalt 8.9 15 42% App. Cons. to superalloys

Asinthe case of stainless stedl and specidlty steels, severa nonferrous aloys use
considerable amount of other metals. For instance, aluminum alloys account for 55% of
magnesium consumption. Substantial amounts of zinc (55%) and tin (30%) are used to coat steel
for corrosion resistance. A significant amount of zinc (20%) and tin (6%) are also alloyed to
copper in brass and bronze mills. Asaresult, the recovery of magnesium, tin, and zinc are tied to

that of steel, copper, and aluminum.
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The recovery of severa toxic metals depends on how they are used in products. Nickel-
cadmium batteries now account for almost two thirds of the market for cadmium metal (52) and
expanded recovery systems are now developing (see Figure 4). On the other hand, over 90% of

the arsenic consumed in the U.S. is used for wood preservation.

The recycling of toxic metals may not be as important to the environment as ensuring that
these metals do not become biologically available during or after use in the economy. Humans
and animals require trace amounts of certain metals (e.g., iron, duminum, zinc) as part of their
diet, but can experience both chronic and acute adverse health effects at levelstoo high. Metals
like arsenic, cadmium, and lead, however, are toxic in even small amounts and have no known
nutritional value. For metals in solution, the ability to cause harm depends on their solubility, and
their ability to leach through soils and wastes relies on the acidity and composition of the medium.
Efforts to reduce human exposure, through efficient recovery or by sequestration in products,
landfills, or some vitrified form, need to primarily consider the environmental transport

mechanisms.

Arguments concerning the different bioavailability of lead compounds from gasoline
emissions and in dag from lead acid battery recycling are central to recent debate about the
environmental impact of electric cars. Inthe early 1970's, the use of lead for additivesin gasoline
reached a global peak of over 400 KMT, later falling to under 70 kMT by 1993 (57). In 1995,
Lave et a. (58), argued that the expanded secondary production of lead associated with their use

in eectric cars would result in higher lead emissions per kilometer than peak lead emissions from
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gasoline. Socolow and Thomas (59), countered that the most hazardous form of release, air
emissions, from the production of 910 KMT of secondary lead at auto battery smelters summed to
only 57 metric tonsin 1994 in the U.S. The corresponding iemission factori (tons emitted per ton
produced) of 6 * 10® for the U.S. in 1994 exceeds those available with new processes, such as the
1* 10° emission factor reported by the Boliden company of Sweden (60). The other loss of lead
in the smelting processis as lead oxide dissolved in the silicate slag produced during the smelting
of batteries. This dag typically contains 1-3% lead, depending on the efficiency of the slag
treatment process, as described in alater section of thisreport. Lead oxide in the slag is rendered
environmentally inert in the silicate matrix. The slag has passed the standard leachability test in
the U.S., the USEPA’ s Toxic Characteristic Leaching Procedure (TCLP), that subjects materials
to accelerated leaching. Slags that pass thistest are used as road fill, as raw material for the
manufacture of cement, a filter medium for wastewater treatment plants, and other uses. Thus,
not only the quantity of the emissions but also the quality of their environmental threat were

exaggerated in this case.

RECOVERY PROCESSES

Iron and Steel

As noted earlier, iron and steel constitute over 90% of all metal production and asimilar

fraction of the scrap metals market. Steel mills consume about three quarters of the scrap, and

iron and steel foundries consume the remainder to produce ferrous castings.
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The ability of steel plants to accept scrap inputs has been influenced by technology
changes. For agood review of developments in pneumatic steelmaking in this century until the
1980is see Pehlke (61). From the beginning of the century until the 1950's, the open hearth
furnace dominated steelmaking technology. It used primarily pig iron, but could accommodate
more than 50% scrap in its mix due to the use of an external heat source. The succeeding
technology, the Basic Oxygen Furnace (BOF) process was introduced by Voest Alpinein Austria
in 1952 as the Linz-Donawitz (LD) converter, and has undergone further devel opments with
innovations such as the Q-BOP (bottom-injected) oxygen converter. Today BOF processes
account for about 60% of US steel production. The primary feed of the BOF is molten pig iron
from the blast furnace. The BOF also accepts from 10% to 30% scrap in the metal charge to the
furnace. The US average is about 25% (62). It should be noted though that most scrap used in
BOF s comes from the mill itself. Old scrap comprises at most half of the scrap in the charge

(63).

The Electric Arc Furnace (EAF), introduced commercialy for the melting of iron and steel
scrap in the mid 1960s, accounts for the other 40% of US steel production. Electric arc furnaces
use electricity conveyed by graphite electrodes (iarcingi) to melt scrap and can accommodate
100% scrap in the feed. EAF production is senditive to the presence of residua elements like
zinc, copper, chromium, and molybdenum which can cause defects in the finished stedl at levels
measured in tens of parts per million. Metals with low boiling points like zinc and cadmium
volatilize when the charge is smelted and collect in dust filters used to treat emissions. Other

residuals are more difficult to refine out, though some novel methods for removing residual
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elements using flotation processes to recover auminum, magnesium, and plastics from ferrous

scrap and micro-alloying methods that make positive use of residual elements (64).

The Institute for Scrap Recycling Industries classifies more than one hundred standard
grades or codes for ferrous scrap (65). The grades specify gross physical characteristics such as
acceptable dimensions for individual pieces and densities for baled scrap. The presence of coated
metal as well as threshold levels of resdual aloying elements are al'so specified. The different
grades of scrap distinguish between sources such as factory stampings, shredded auto bodies, and
obsolete railroad equipment. The grading system has helped the industry grow through

standardization and its extent indicates the heterogeneity of ferrous scrap available on the market.

New scrap supplies with known chemical composition can be introduced in a controlled
manner into the EAF. However, the supply of new scrap isinelastic and tied to current
production levels. Furthermore, innovations such as continuous casting and other efficiency
improvements have reduced the amount of clean home scrap generated in mills and factories.
Therefore, expanding EAF capacity must rely on old scrap whose supply may be essentially
unlimited but whose quality ranges widely. EAF plants still use dmost 95% scrap in their
furnaces. However, as EAF mills seek to improve the quality and value of their products they
have come to rely on augmenting the scrap charge with primary iron products such as Direct

Reduced Iron (DRI) and pig iron to dilute the residual elements present in the scrap charge (66).

Aluminum

28



Like other metals, aluminum is used either in pure form (e.g., aluminum foil) or alloyed
with other metals. The ASTM specifications for the most common auminum aloy, Al6061,
include copper (0.15-.6%), magnesium (0.8-1.2%), silicon (0.4-0.8%), zinc (<0.25%) and iron
(<0.7%) (67). Thisaloy, used widely for aerospace, automotive, railroad and other industrial
applications, offers light weight, good corrosion resistance, and excellent formability. As
indicated by the above specifications, alloying contents above a certain level have a detrimental
effect on the desirable properties. This makes the sorting of aluminum scrap, prior to melting,
essentia to avoiding difficult and costly refining procedures. Van der Donk et al. (68), report that
aluminum scrap from Dutch household waste contained 0.06% copper, 0.03% zinc, 0.10%
silicon, 0.50% manganese and 2.6% iron. Comparison with the ASTM specification for aloy

Al6061 shows that only the iron content of the recycled household scrap is above specification.

Aluminum scrap is usually processed in areverberatory furnace. The name
"reverberatory" derives from the consideration that heat "reverberates’ ("radiates’ is more
technically correct) from the roof and walls of the furnace onto the molten metal bath. The
superheated metal is pumped through the charge well in which metal scrap and fluxing materials
are charged continuously. EXxisting furnaces can process up to 5-6 tons per hour (t/h) of scrap.
Wells et a. (69), investigated the effects of various operating parameters on the efficiency and
metal recovery of an auminum reverberatory furnace. The formed dross materia (aluminum and
other oxides) is skimmed periodically from the surface of the bath and can contain 20-80%

aluminum. The incentives to process this byproduct materia are tempered by concern over the
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treatment of the generated wastes. New processes are under development to recover metal value

from aluminum dross and generate benign waste products (70).

A review of techniques for reducing the level of impuritiesin recycled aluminum, in
particular the removal of iron, is presented by van der Donk et al. (71). Techniques range from
partial solidification of aluminum metal from an impure aluminum melt to the "three-layer-cell”
electrolytic process, where alayer of molten aluminum ("cathode") is formed above a barium-
sodium-aluminum halide layer ("electrolyte") that separates the pure metal from the third and
heaviest layer of impure aluminum in the bottom of the cell ("anode"). Because of smaller scale
operation and proportionately higher heat loss, the three-layer cell currently consumes 17-18
kilowatt-hours/kilogram (kWh/kg) of metal, in contrast to conventional electrowinning of

aluminum that requires 13-14 kWh/kg (72).

In addition to alloying e ements, aluminum scrap often includes lacquers, paints and plastic
coatings. Alcan Recycling has developed a fluidized bed reactor that can remove such coatings
from aluminum scrap containing up to 50% organic material. The aluminum scrap is introduced
to a hot (<500°C) fluidized bed of aluminathat heats the scrap and oxidizes its organic
component. The reactor, in operation since 1994, can process 2-8 t/h of scrap, depending on the
organic content, and recover over 98% of the metal (73). The Alcan recycling facility in Oswego,
New Y ork uses a more common technology for delaguering and melting aluminum UBC’s by

oxidizing the organics in a co-current flow rotary kiln followed by a melting furnace smilar to that
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described earlier. This plant has capacity for recycling 73 kMT (i.e., about five billion cans or

dightly over 1% of U.S. aluminum consumption) per year (74).

The substantial increase in the aluminum content of automobiles has introduced several
dozen aloys into aluminum automobile scrap, whose mix continues to change to accommodate
new automotive designs (75). Mixed aluminum scrap from used car hulks (e.g., the 2000, 5000
and 6000 series alloys) must be separated to prevent downgrading of the secondary aluminum
product. For example, the value of wrought aluminum alloys can not be recovered if melted with
lower grade duminum castings. Thisloss of value offers incentive for designers to optimize the
compatibility of alloys used in automobiles and for industry to develop cost-effective alloy
separation technologies that facilitate the highest value post-consumption recovery (76).
Techniques for separating wrought and cast aluminum scrap have been developed but do not
enjoy wide-scale use (77). In Europe, research centers for devel oping improved aluminum

recycling systems have been established in Germany (78), Sweden and Luxembourg (79).

Copper

Copper is used primarily in electrical and plumbing systems and in heat exchangers. It
enters the economy either as pure metal, copper aloys, or in combination with tin and zinc in
bronze and brass. Recycled pure metal can be simply remelted and combined with primary
electrorefined copper. Copper aloyed or physically mixed with other metals is melted either at

secondary or primary smelters and cast into anodes along with the virgin metal prior to
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electrorefining (80). Segregated copper alloys can aso be used as raw material in bronze and

brass foundries.

Secondary copper smelters feed low grade copper scrap with coke into a blast furnace to
produce “black” copper that contains lead, zinc, and other impurities. Volatile elements like zinc
and lead oxides are then driven off by partial oxidation to produce “blister” copper. Hanusch
reports on the refining of copper scrap to remove associated metals (81). Prado and Prado

discuss the treatment of copper dusts rich in lead and zinc (82).

The KALDO reactor of the Boliden corporation in Sweden uses another process for
smelting low-grade copper scrap. In the Boliden process, metal scrap containing on average 40%
copper, 10% zinc, and 15% iron is charged to an inclined rotating vessel. Coke is added as
required and oxygen-enriched air is injected through alance. The heat of oxidation of theiron,
zinc, and lead drives off the volatile metal oxides and produces impure copper and an iron-rich
dlag that can be reduced to less than 0.5% copper and zinc. The copper smelter at Porto
Marghera, Italy uses this process and has annual capacity of 25 KMT per year of secondary

copper (83).

Much copper, as well as other metals, is discarded annually in millions of computers and
other pieces of eectronic equipment that end up in landfills. Discarded electronic scrap contains
roughly 40% metals (e.g., copper, iron, aluminum, nickel, tin, lead) with the remainder accounted

for by plastics and refractory oxides (84). Precious metals recovery gives the primary incentive
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for recovering metal from electronic scrap with typical concentrations (circa late 1980s) of 770
grams/ton (g/t) for gold, 1500 g/t for silver, and 40 g/t for palladium. Copper, silver, gold,
palladium, platinum and other noble metals are generdly integrally distributed in circuit elements
and can be recovered pyrometallurgically by smelting into liquid copper and then recovered by
conventional electrorefining. To optimize value recovery, processors remove steel and aluminum
structural components that would anyway be discarded in the by-product slag of the

pyrometallurgical process.

The Noranda process reactor at Noranda, Quebec, recycles about 100 kMT of used
electronics per year in addition to 6-700 KMT of primary copper concentrates (85). Even when
used electronics are collected, as of the early 1990s the market price in the U.S. was only 50-60$
per ton. Initial design for easy disassembly and downstream ide-manufacturing” technologies can
reduce the cost of recovery and alow for more economic recovery of metals. Thisis especially
important as future electronic scrap waste streams may contain even smaller volumes of precious
metals as industry becomes more efficient at depositing thinner layers of precious metals on

electronic components.

Lead

The largest use of lead (~80%) in the U.S. total goes to automotive and industrial lead-
acid batteries. About 95% of the used batteriesin the U.S. and other developed nations undergo
recycling. Lead batteries consist of a polypropylene case, lead lugs, e ectrodes (typically screens),

plastic spacers between the electrodes, lead oxide paste (PbO, and PbSO,) and sulfuric acid.
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Improper handling of this combination of toxic metal and chemicals has consigned more than 20

former battery recycling facilities in the U.S. to the National Priorities List of the Superfund (86).

A typical lead battery weighs about 11 kg and contains 7 kg of lead and 3 kg of sulfuric
acid. At atypical recycling plant, batteries are crushed or siced and separated into three streams:
lead materials (about 60% lead, 15% PbO, and 12% PbSO,) (87), polypropylene scrap, and
sulfuric acid, Figure 7. The lead-containing materials are smelted (i.e., heated to produce a
molten bath) to produce lead bullion and a molten silicate solution containing all of the lead
oxides. This dag by-product is smelted and reduced with carbonaceous material and fluxing
agentsin alead blast furnace, similar to those used in the primary smelting of lead oxides. The
low-lead dag produced in such furnacesis environmentally inert and is disposed in industrial

landfills.

[Figure 7 here]

In another lead recycling process, used extensively in Europe, lead components are
smelted at 1000°C with coke breeze and sodium carbonate flux and iron filings, used to fix sulfur
by forming an iron sulfide matte, in a short fuel-fired rotary furnace. It is reported that use of
bulk oxygen and other innovations can increase the production capacity of such furnaces by 40%
(88). The ISASMELT furnace process, used in Australia and South Korea, introduces lead
materials with lump coal into a vertical reactor containing a slag bath (89). Air and oxygen are

injected in this reactor that is similar to the top blown BOF furnace used for steelmaking. During
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smelting, metallic lead containing less than 0.01% antimony settles in the bottom and is
periodically tapped out of the furnace. When the upper slag layer in the reactor reaches a certain
depth, the dag is reduced from 40-60% lead and 5-6% antimony, to 2-4% lead and less than 1%
antimony by continuous injection in the presence of coal. Most of the treated dag is then tapped
out of the reactor and the cycle repeats (90). Thus, the two-reactor process used in the U.S.

(reverberatory and blast furnace) is replaced by atwo-stage process in a single reactor.

Zinc

The foremost use of zinc today (55% of total US consumption) is as a corrosion-inhibiting
coating on steel products (i.e., galvanizing) (91). Therefore, much of the recycled zinc originates
in the remelting of steel scrap in the EAF and the waste materials of the zinc coating process (ash
and dross). Other uses of zinc include brass and bronze aloys (~20%), zinc alloys (13%) and

chemicals (10%).

The high temperature of the EAF process results in the volatilization of zinc and some
iron, and the production of avery fine EAF dust that may contain anywhere from a few percent
up to thirty percent zinc, depending on the feed to the furnace. Typically, the EAF operation
produces 10-15 kg of dust per ton of steel produced that also contains 20-40% iron, 1-4% lead,
0.5%-3% chlorine and 0.1-0.5% fluorine (92). The predominant process used for smelting high
zinc recycled materiasis the Waelz rotary kiln in which zinc is reduced, volatilized and recovered

in the form of impure zinc oxide containing 50-60% zinc. The iron residue from the kiln can be
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used along with iron scrap to produce stedl in an EAF. The zinc oxide dust can be sent for further
processing to a zinc-lead blast furnace (Imperial Smelting Process) or to a primary zinc plant

where it is dissolved in sulfuric acid along with the primary zinc oxides.

A number of other pyrometallurgical processes have been developed for the treatment of
EAF dusts, including the Flame Reactor process of Horsehead Resources (93,94). The
University of British Columbia and Chaparral Steel have devel oped a hydrometallurgical process
that recovers pure zinc hydroxide-zinc carbonate materials as well as lead, copper and cadmium
from EAF dust (95). Other emerging hydrometallurgical processes such as the Ezinex (96), and
the Zincex (97), processes leach the EAF dust and separate the metal ions by cementation (i.e.,
displacing one meta in solution by another), solvent extraction, and electrowinning. By the mid

1990is, US capacity for EAF dust recovery of zinc exceeded 95 KMT (98).

Industrial iron wastes that contain relatively small amounts of zinc (e.g. 0.1-2%) can aso
be smelted in secondary iron blast furnaces to produce "pig" iron suitable for some foundry
operations and a zinc oxide dust that can be recycled to a primary zinc plant. The DK Recycling
plant in Duisburg, Germany, processes nearly 380 KMT per year of iron wastes in a process that
consists of agglomerating these feed materials by sintering and then smelting them in a blast

furnace (99).

Though not used for commercial recovery, we here mention the use of above ground

plants to recover metals including zinc, i.e., phytoremediation (100). Interest in remediating
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metals-contaminated soils has spurred research into using plants that possess a high tolerance for
metals and “hyperaccumulate” metals from the soil. Though this novel techniqueis used

overwhelmingly to reduce metals concentrations in soils, some species are able to accumulate as
much as 0.4% of zinc or nickel in the dried plant matter and a considerably higher fraction in the
plant ash sometimes yielding a metals content equivalent to alow-grade ore. Baker and Brooks

review the use terrestrial plants for accumulating metals from soils (101).

ENVIRONMENTAL REGULATION

Federal, state, and local environmental regulations affect the secondary metals industry
like any other. Government regulates the air emissions coming from secondary smelters and
stormwater runoff emissions from open scrap yards. Regulatory waste classifications aso
determine the transport, handling, treatment and disposal options available for metals |loaded

wastes (102).

The Clean Air Act (CAA) mandates the use of Best Available Technology for secondary
smeltersto control for criteriaair pollutants. The 1990 amendments to CAA require Maximum
Achievable Control Technologies to reduce hazardous emissions and directly affect operations at
EAF mills, integrated steel mills, and secondary smelters of aluminum and lead. The Clean Water

Act (CWA) controls for environmental discharges of toxic pollutants including the metals copper,

¥ Carbon Monoxide, Particulates (PM10), Sulfur Dioxide, Ozone, Lead, and Nitrogen Dioxide
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lead, zinc, and their compounds, as well as organic materials commonly found in scrap, such as

machining oils and polychlorinated biphenyls (PCBS).

The most comprehensive solid waste regulation, the Resource Conservation and Recovery
Act (RCRA), regulates the generators and transporters of wastes with rigid requirements for
treatment and disposal. The Hazardous and Solid Waste Amendments to RCRA define iSolid
Wastel to include recyclable materias thus placing the full regulatory burden of waste disposal on
scrap handlers. Many metals-loaded wastes exhibit one of USEPAIs conditions (i.e., ignitability,
corrosivity, reactivity, or toxicity) for being considered hazardous waste (subtitle C). Dueto its
indiscriminacy, this regulatory designation impedes the collection, transport and recovery of meta
wastes without improving environmental protection. Responding to outside criticism, the USEPA
initiated effortsin the early 1990’ s to reform RCRA and to facilitate greater national metal (and
other material) recovery (103). For instance, the economic recovery of metal from discarded
consumer products like nickel-cadmium batteries and mercury thermostats require central
processing facilities and must thus contend with regulations on inter-state waste transport. In the
mid 1990is, USEPA issued the Universal Waste Rule (104), to reduce regulatory requirements for
metals waste such as these and stimulate investment in recovery facilities. The economic success
of facilities that have begun to introduce these wastes into their process stream will be essentia to

greater closure of the metal system.

The Comprehensive Environmental Response, Compensation, and Liability Act

(CERCLA/" Superfund”) affects the secondary metals industry by holding liable iPotentially
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Responsible Partiesi that generate, transport, or treat metal wastes associated with a Superfund
site. The Basel convention agreement designed to limit the unchecked flow of hazardous waste
from rich to poor countries also has the effect of subjecting international scrap trade to a new
regulatory regime. While regulations have been effective in controlling air and water emissions
from point sources, much remains to be done to promulgate legal definitions in sweeping
regulatory packages such as these that serve to protect the environment as well as encourage the

optimal metals recovery (105).

CONCLUSIONS

The preceding analysis offers some perspective on the economic, technical, and regulatory
factors affecting secondary metals recovery in the U.S. Comprehensive analysis of the metals
system to identify leaks and potential recovery opportunities would require a description such as
that shown in Figure 8 for each metal. Attaching values to some of the lines shown in the figure
can be achieved using available data. For many of the other lines shown, efforts to attach
numbers are complicated by the search for data that are hard to come by, the need to account for
the metals content of alloys, and trade. Estimates of the quantity of metal dissipated from the
industrial system need to consider the nature of the products that incorporate the metal,
production losses, and losses from corrosion and wear over time. Despite the difficulty, many
excellent studies have been carried out for individual metals (106,107), though much room

remains for systematic analysis.
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[Figure 8 here]

The metal incorporated into infrastructure and products can be considered as valuable
inventory and is prevented from returning to the production stream. Much potentially recoverable
metal also lies in obsolete scrap heaps for which market forces have been hitherto insufficient to
enable economic recovery. For instance, the accumulation of discarded ferrous scrap alone in the

U.S. was estimated to be nearly 700 MMT by the late 1980is (108).

Secondary sources include recycled metal scrap that remains within industry and metal
contained in consumer products. Metals producers have returned process scrap to the production
stream since antiquity. In the past decades however, this recovery has become more efficient and
has included clean scrap generated within downstream industries. Metals recovery systems have
also developed for some consumer products (e.g., discarded lead-acid batteries, autos bodies)
with recovery rates approaching one hundred percent. Metal recovery from products benefit from
increased industry adoption of design for recyclability (e.g., reducing the number of alloys used,
alloy compatibility, easy disassembly) guidelines by manufacturers. Improved instrumentation and
sorting systems enable scrap processors to reduce the degradation of properties and increase the
throughput of scrap. Secondary smelters contribute by devel oping blending technologies that
minimize the loss of metal to metallurgical byproducts like dag, and the loss of value in metal

aloys.
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More dilute metals waste streams remain largely unexploited. Over 60% of the metal
discarded in MSW and the metals values in many industrial waste streams go unrecovered.
Metals used in small amounts for specialized applications not requiring bulk are not easily
retrieved from products or individual waste streams. However, in several instances, industry has
found it profitable to capture opportunities to collect metal wastes from disparate sources to
profitably recovery metal values. These initiatives typically involve large capital investmentsin
centralized facilities and must take advantage of economies of scale to collect and process metal
waste streams. The profitability of such facilities depend on market forces which are shaped by

the regulatory environment, collection infrastructure, and capital costs.

Reducing human exposure to highly toxic metals depends on continued diligencein
controlling emissions from metals producers and from their use in non-dissipative products.
Major dispersive uses of toxic meta in applications such as herbicides and gasoline additives have
been phased out in the U.S. over the last severa decades by legidative decree. In other
instances, research has enabled substitutes to replace toxic metals in consumer and industria
applications. Recovery of the toxic metals bound in products relies on regulatory incentives, the
development of a suitable collection infrastructure, and available process technologies. These
factors combine to determine the economics of secondary metals recovery from disparate sources.
Alternatively, the potential environmental impact of toxic metals can be reduced by their

disposition in an inert form.
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Metals will remain an integral part of future industrial society due to their unique and
valuable properties. Decades of increased productivity and more efficient technologies for metals
production and use has diminished the share claimed by the primary and secondary metals
industries in the US national economy. Nonetheless, metals appear in every rung in the ladder of
value addition in the manufacturing base and are ubiquitous in the everyday activities and
industrial backbone that supports modern economies. Because of the centrality of metalsin
industrial and consumer artifacts, improving resource efficiency and reducing losses in the metals

sector cannot help but influence positive environmental change throughout the fabric of industrial

society.
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Figure Captions

Figure 1. The éspaghettii diagram indicates the flows of metals among a sample of metals

processors in New England. The arrows indicate the direction of the flow, while the number of

lines indicate the magnitude. (After Sagar & Frosch, 1997)

Figure 2. Ellingham Diagram for Oxides.

Figure 3. Comparison of Energy Inputs for Various Metals. Primary v. Secondary

Production

Figure 4. Generation and recovery of ferrous and non ferrous metal from US Municipal Solid

Waste 1960-1993

Figure 5. Flowsheet of the High Temperature Metals Recovery Process, INMETCO, Ellwood

City, PA.

Figure 6. US Metal production from primary and secondary sources. 1900-1995.

Figure 7. Flowsheet for battery recycling plant, East Penn Manufacturing Company, Lyons, PA.

(After Leiby, et d.)
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Figure 8. Generic template for assessing materials flows for individual metals.
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