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Introduction

This issue of material criticality has been receiving much
attention recently from governments all over the world. The United
States and the European Union have two different definitions of
what makes a material critical. The United States Department of
Energy (DOE) defines criticality in two ways: (A) supply based risk

based on projected market balances, competing energy demands,
political, regulatory and social factors, co-production risks, and
producer diversity; and, (B) importance to clean energy based on
clean energy demand and substitutability [1]. Net import reliance
can hint at the supply based risk for materials. Figure 1 shows the
United States net import reliance for materials of interest.

2016 U.S. Net Import Reliance
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Figure 1: United States net import reliance for materials covered in this review [2].

The European Union defines a material as critical when “the
risks of supply shortage and their impacts on the economy are
higher than for most of the other raw materials” [2]. From these
two definitions, the European Union takes a broader approach to
defining critical materials than the US DOE does. Essentially both
government organizations define a material as critical when it
provides essential properties to a modern engineered material and
is subject to supply risk. The purpose of this paper is to summarize
current efforts to increase supply stability of critical materials

through by product or co product production alongside more
common elements. This paper will cover byproduct production for
cobalt, rare earth elements, lithium, gallium, germanium, graphite,
manganese, vanadium, indium, and the platinum group metals.

A metal can be defined as a by product if the revenue gained
from the sale of that metal is not enough to cover the full cost of
the mine. On the other hand, if the full costs of the mine can be
covered solely by the sale of the minor metal, then it is considered
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a co product [3]. Minor metals, such as the critical materials listed
above, are not economically viable to mine as a primary material
and are therefore mined as a by product to materials that are able
to produce enough revenue to cover mine expenses. This allows

increased quantities of critical materials to be recovered and can
help to relieve supply risks and shortages. Figure 2 shows a Figure
which describes metal companionability. This Figure shows which
metals are usually associated with more commonly mined elements.

Figure 2: Principal host elements are in the center of the diagram. Surrounding the host metals are elements that are spaced
proportionally to the percentage of their primary production that originiates with the indicated host element [3].

Cobalt

Cobalt was first isolated in its elemental form in 1730, but its
only practical application until 1907 was in pigments. In 1907 cobalt
first became used in alloys. To this day, cobalt has very few uses
in its pure form and is primarily alloyed with other metals for use
in modern materials. The primary uses for cobalt are in batteries,
super alloys and magnet alloys, catalysts, and a wide variety of
other materials applications [4]. Because of its importance in
battery and super alloy construction, and its limited production
around the world, cobalt is designated by the European Union as a
critical material [1,2].

Cobalt is primarily derived of copper and nickel host mines as

a by product material. Economic concentrations of cobalt are so
exceptional thatit can be essentially considered a by product of ores
mined for other elements. The concentration of cobalt in a cobalt
containing ore is usually less than 0.5% and often less than 0.1%
[5]. Approximately 30 percent of the world’s cobalt resources are
derived from sulfide minerals containing copper and nickel, with
minor quantities of cobalt and a trace amount of precious metals
[6]. The other 70 percent of global reserves stem from laterite ores
[6]. The United States currently has a net import reliance of 74% of
apparent consumption for cobalt [7]. Table 1 shows the worldwide
distribution of cobalt production and reserves as reported by the
USGS. From this Table, the United States has a very small percentage
of total cobalt production leading to the high net import reliance.

Table 1: World mineproduction and reserves for cobalt as reported by the USGS [7].

Mine Production Reserves
2015 2016
United States 760 690 21,000
Australia 6,000 5,100 1,000,000
Canada 6,900 7,300 270,000
China 7,700 7,700 80,000
Congo 63,000 66,000 3,400,000
Cuba 4,300 4,200 500,000
Madagascar 3,700 3,300 130,000
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New Caledonia 3,680 3,300 64,000

Philippines 4,300 3,500 290,000

Russia 6,200 6,200 250,000

South Africa 3,000 3,000 29,000

Zambia 4,600 4,600 270,000

Other countries 11,600 8,300 690,000
World total (rounded) 126,000 123,000 7,000,000

Cobaltbearing sulfide deposits have historically been processed
by flotation, followed by smelting to produce a platinum group metal
(PGM) bearing nickel matte which is then shipped to specialist
refineries for the recovery of nickel, copper, PGMs, and cobalt [8].
Some of the specialist refinery processes include the Sherritt-
Gordon process, pressure oxidation leaching, sulfate oxidative
leaching, chlorine leaching, electro refining of nickel matter anodes,

and electro refining of impure metals. Environmental pressure on
matte smelting operations has led to the development of purely
hydrometallurgical processes and the scarcity of new economic
nickel sulfide deposits is shifting the development focus onto
laterite deposits [8,9]. A generic flow sheet for the recovery of
cobalt from copper/nickel mines is shown in Figure 3.
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Figure 3: Generic copper/cobalt/nickel recovery flow sheet [8].

Laterite ores are currently primarily being treated using
high-pressure acid leaching (HPAL). HPAL is a hydrometallurgical
process that was developed in Cuba in the 1950s for the treatment
of nickel laterite ores. HPAL techniques make the recovery of
cobalt from laterite ores possible and the improvement of the
HPAL process has led to an increase in the recovery of cobalt from

nickel ores. As roughly 70 percent of global reserves of cobalt are
contained in laterite ores, the HPAL process will become more
and more important to the recovery of cobalt [4]. An example flow
sheet showing the HPAL process for treating nickel ores is shown
in Figure 4.
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Figure 4: Coral Bay Nickel Corporation process flow sheet showing the HPAL process [9].
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Rare earth elements

The rare earth elements (REE) are defined, according to the
International Union of Pure and Applied Chemistry (IUPAC), as
the 15 lanthanides together with yttrium and scandium. The name
rare earth elements are somewhat misleading as the REEs are
common in the Earth’s crust. REEs, however, are very difficult to
separate from one another because of their similarity in chemical
behaviours. Rare earth elements also rarely occur in concentrations
high enough to be mined as a primary product and are therefore

Table 2: World mineproduction and reserves of REE [10].

most commonly mined as a by product of another material. China
currently produces approximately 90 percent of worldwide REE.
This, in part, has led to REEs being designated as critical materials
by the European Union and the United States among other countries
[1,2]. The United States also reported a 100% net import reliance
for rare earth elements in 2016 [10]. The only REE producing mine
in the United States was shut down leading to no production of REE
for the United States. Table 2 shows the world mine production and
reserves for REE as reported by the USGS.

Mine Production Reserves
2015 2016
United States 5,900 - 1,400,000
Australia 12,000 14,000 3,400,000
Brazil 880 1,100 22,000,000
Canada - - 830,000
China 105,000 105,000 44,000,000
Greenland - - 1,500,000
India 1,700 1,700 6,900,000
Malaysia 500 300 30,000
Malawi - - 136,000
Russia 2,800 3,000 18,000,000
South Africa - - 860,000
Thailand 760 800 NA
Vietnam 250 300 22,000,000
World total (rounded) 130,000 126,000 120,000,000
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Figure 5: Process flow sheet for the Bayan Obo Iron mine in China [12].

Rare earth elements are recovered around the world as both co
products and by products to other materials. When REEs are mined
as a co product, the market value of the main product supports the
extraction of the rare earth, and the recovery of the rare earth, in
turn, helps to make the recovery of the main product even more
attractive [11]. When REEs are recovered as by products, it is

the same as a co product production except that the REE is not a
primary ingredient in making the main product economically viable
[11]. Due to the rarity of an economic deposit of only REEs, they
are usually mined as either co product or by products to another
material. The Mountain Pass Mine in California is one no exception.
One of the most important REE by product mines in the world is
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the Bayan Obo mine in China. The primary product of Bayan Obo is
iron ore, but Bayan Obo also produces much of the world’s REEs as
a by product. In 2009, Bayan Obo produced 55,000 metric tons of
rare earth oxides (REO) [11]. Bayan Obo produced more REEs than
any other mine in the world. The primary processing of the REEs
at Bayan Obo is by flotation and gravity separation. First the ore is
crushed and ground to a specified size. The magnetic components of
the ore are then separated out and the material is sent to flotation.
After selective flotation, the flotation concentrate is upgraded using
gravity separation with shaking Tables, spiral concentrators, and
conical separators [11,12]. Figure 5 shows the process flow sheet
for the Bayan Obo mine.

A new potential source of byproduct REEs exists in phosphate
containing ores. REEs can replace calcium in the crystal lattice of
apatite and the ore can contain REE concentrations in the range
of 0.1 to 0.8 percent [13]. Because of this low concentration, the
rare earth element content in the phosphate rock is too small to be
produced alone so they must be produced alongside fertilizers or
phosphoric acid. Currently, the leading process for the recovery of
REEs from apatite would involve leaching with nitric acid. After a
nitric acid leach is performed, the REEs could then be precipitated
through the addition of ammonia [13]. The literature shows that this
method would result in approximately 97% of the REEs reporting
to the precipitate. Hydrochloric acid was also tested for leaching

but resulted in lower weight percent rare earth oxide reporting to
the precipitate. Because of this, nitric acid was selected because of
increased recovery and decreased corrosiveness [13].

Lithium

Lithium is a material that has seen a large increase in demand
and production over the last few decades. Between 1999 and
2008, lithium saw a 79% increase in production around the world
with Chile now producing 50% of all lithium [14]. Due to its high
reactivity, lithium only occurs in nature in the form of compounds
such as silicates in igneous rocks, in several clay minerals, and
generally as chlorides in brines. Pegmatites and brines are the
two primary sources of lithium that currently exist. Pegmatites
are coarse-grained igneous rocks formed by crystallization of late
magmatic fluids and brines are liquid lithium salt mixtures that
come from several different sources. Some other minor primary
sources of lithium exist, but pegmatites and brines produce most
of lithium resources. Lithium is currently considered to be a near-
critical material by the United States Department of Energy [1]. The
United States currently has a >50% net import reliance for lithium
[15]. Table 3 shows the worldwide mine production and reserves
of lithium as reported by the USGS. The ‘W’ in the mine production
column for the United States means that the data was withheld by
US producers to avoid disclosing proprietary company data.

Table 3: Worldwide mineproduction and reserves data for lithium [15].

Mine Production
Reserves
2015 2016

United States w w 38,000
Argentinia 3,600 5,700 20,00,000
Australia 14,100 14,300 1,600,000

Brazil 200 200 48,000
Chile 10,500 12,000 7,500,000
China 2,000 2,000 3,200,000

Portugal 200 200 60,000

Zimbabwe 900 900 23,000
World total(rounded) 31,500 35,000 14,000,000

Currently the by product production of lithium is very rare
but recycling of lithium containing materials is the topic of many
research projects. The single largest use of lithium now is for
lithium-ion (Li-ion) batteries. Li-ion batteries accounted for 27%
of total lithium consumption in 2010 and this number can only be
expected to increase as electric and hybrid vehicles become more
mainstream [14,15]. Li-ion battery recycling is a very difficult
process because of the high reactivity of lithium. A recycling
company by the name of Toxco Inc. created a solution for this
problem and patented their process [16]. In the Toxco process,
li-ion batteries are first submerged in liquid nitrogen to decrease

the reactivity of the lithium. The batteries are then comminuted
and added to a high pH solution controlled by adding lithium
hydroxide (LiOH). Lithium compounds are precipitated in the high
pH solution and are then further refined with a mild sulfuric acid
and a membrane to allow the transfer and concentration of lithium
ions [16]. Figure 6 shows the flow sheet for the Toxco Process as
presented in the patent application. This battery recycling process
is one of the best methods currently available for the recycle of
li-ion batteries. As li-ion batteries continue to spread throughout
technological sectors, the recycling efforts surrounding them will
be increased as well.
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Figure 6: Toxco process flow sheet for the recycle of lithium from lithium ion batteries [16].

Gallium

Gallium is a metal that is used in many different forms across
many different industries. As a metal, gallium is used in magnets,
thermometers, and thin film depositions among many other things
[17]. Gallium antimonide (GaSb) is a semiconducting material
that is used in both electronic and optoelectronic devices such as
LEDs, thermal imaging, and missile homing guidance systems [17].
The greatest use of gallium today is in gallium arsenide (GaAs)
compound semiconductors. Some of the most important uses
of gallium arsenide semiconductors are in cell phones, military
applications, LEDs, and wireless communications. Because of its
wide-ranging applications and difficulty using substitute materials,
gallium is considered to be critical by the European Union [1,2]. The
United States also reported a 100% net import reliance for gallium
in 2016 In 2016, world low-grade primary gallium production was
estimated to be 375 tons-a decrease of 20% from 470 tons in 2015.
Low-grade primary gallium producers outside of China most likely
restricted output owing to a large surplus of primary gallium. China,
Germany, Japan, and Ukraine were the leading producers; countries
with lesser output were Hungary, the Republic of Korea, and
Russia. Kazakhstan, which was a leading producer in 2012, has not
reported any production since then. Primary refined high-purity
gallium production in 2016 was estimated to be about 180 tons.
China, Japan, the United Kingdom, and the United States were the
known principal producers of high-purity refined gallium. Gallium
was recovered from new scrap in Canada, China, Germany, Japan,
the United Kingdom, and the United States. World primary low-
grade gallium production capacity in 2016 was estimated to be 730
tons per year; high-purity refinery capacity, 320 tons per year; and
secondary capacity, 270 tons per year. Gallium occurs in very small
concentrations in ores of other metals. Most gallium is produced as
a byproduct of processing bauxite, and the remainder is produced
from zinc-processing residues. Only a portion of the gallium present
in bauxite and zinc ores is recoverable, and the factors controlling

the recovery are proprietary. Therefore, an estimate of reserves is
not possible [18].

Currently there are no mines which recover gallium as a primary
resource, but two major byproduct sources for gallium exist:
bauxite and sphalerite (ZnS) [3]. The primary recovery method for
bauxite is the Hall-Heroult process. In this process, a recirculating
solution of sodium aluminate cycles through the process. It is in
this solution stream that the gallium present in bauxite builds up.
This is then bled off and the gallium is extracted from the solution.
Currently, only a small fraction of the gallium available in bauxite
ore is used because of the low relative demand and price [19].
Bauxite containing gallium is also plentiful in the earth’s crust
and is widely distributed both geographically and politically [20].
Once a gallium-containing zinc ore is leached by sulfuric acid to
produce zinc sulfate leach liquor, the impurities, such as gallium,
are precipitated out of the liquor through the addition of antimony
trioxide or zinc dust [17]. The gallium is then extracted from the
cemented materials and refined into a usable product. Gallium is
also heavily recycled from manufacturing waste of semiconductors
[17].

Germanium

Germanium is a grey-white metalloid that has many useful
applications. Today, three sectors account for 80% of germanium
end us around the world. These three sectors are fiber optics
(30%), infrared optics (25%), and as catalysts for colorless PET
(25%) [18-22]. Various other applications for germanium exist
other than the three main use categories. Some of these categories
include silicon chips for solar instalments, high speed integrated
circuits for wireless communications, and much smaller quantities
for the medical and metallurgical industries. Because of the limited
number of world producers of gallium, and its wide-ranging uses in
advanced technologies and green energy, gallium is considered to
be critical by the European Union at this time [1,2]. Table 4 shows
the worldwide germanium refinery production and reserves.
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Table 4: World refinery production and reserves of germanium as reported by the USGS [22].
World Refinery Production and Reserves
Refinery Production Reserves
2015 2016
United States w w

China 115,000 110,000

Russia 5,000 5,000 Data on the recoverable germapium content of zinc ores

are not available

Other countries 40,000 40,000
World total 160,000 155,000

The primary source of germanium around the world today is
germanium that is produced as a by product of zinc refining [23].
Germanium can be recovered from zinc bearing ores through many
different methods including precipitation, cementation, solvent
extraction, and ion exchange. Germanium is sometimes also present
in lignite coals and can be extracted from the coal ash after the coal
has been combusted for energy production. This is performed to a
limited degree in China, Russia, Ukraine, and possibly Uzbekistan
[21]. The United States has a small amount of primary germanium
production from mines in Alaska and Washington. Despite these

local sources of germanium, the United States still has an 85% net
importreliance for its germanium supply [22]. This can be remedied
through increased germanium extraction as by product. Zinc-lead
mines in Tennessee offer a good potential source for germanium
by product extraction [24]. Figure 7 below shows a flow sheet that
represents the general stages of zinc processing. The flow sheet also
shows the output location of any germanium that is produced as a
by product to the zinc. Figure 8 illustrates a pilot scale flow sheet
operated for the recovery of gallium and germanium at Clarksville,
Tennessee [25].
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Figure 7: Stages of zinc processing [24].
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Indium

Indium was first discovered in Saxony, Germany by two German
chemists which were testing zinc ores from a local mine. It is no
coincidence that the Indium was located when analyzing zinc ores
because Indium is most commonly associated with zinc deposits
[25]. Sphalerite (ZnS) is the most important indium bearing
mineral and is the source for most of the indium currently mined
in the world. Eighty percent of world Indium reserves are part of
either volcanic or sediment hosted massive sulfide deposits [25].

This is very convenient for production of Indium as these deposits
are also often associated with economic concentrations of copper
and zinc. Despite the distribution of indium in sulfide deposits,
the United States does not currently have any primary production
of indium and has a 100% import reliance for indium [26]. There
are no primary mines for indium, so it is primarily recovered as a
part of zinc processing. Because of this, world production values
are presented as refinery production values rather than mine
production values. Table 5 shows the world refinery production
and reserves for indium as reported by the USGS Figure 9.

Table 5: World refinery production and reserves of Indium [27].

Refinery Production Reserves
2015 2016
United States - -
Belgium 20 25
Canada 70 65
China 350 290
France 41 -
Quantitative estimates of reserves are not available
Japan 70 70
Korea, Republic of 195 195
Peru 9 5
Russia 4 5
World total(rounded) 759 655
- — — Cottrell dust
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Figure 9: Generalized flow sheet for the beneficiation and purification of indium from zinc concentrate [25].

In this generalized flow sheet, indium is recovered as a part of
the jarosite creation process. The jarosite process is a process in
which iron sulfate is formed to remove iron from the system before
electrolysis can be performed. The jarosite process for zinc refining
scavenges about 60% of the available indium in the concentrate
[25]. From this point, the indium is leached and recovered through
a solvent extraction process. Indium is used in a wide variety of

applications but as of 2010, the primary use for indium was in
liquid crystal displays (LCD). Figure 10 shows the main end uses of
indium in 2010.

In this generalized flow sheet, indium is recovered as a part of
the jarosite creation process. The jarosite process is a process in
which iron sulfate is formed to remove iron from the system before
electrolysis can be performed. The jarosite process for zinc refining
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scavenges about 60% of the available indium in the concentrate
[25]. From this point, the indium is leached and recovered through
a solvent extraction process. Indium is used in a wide variety of

applications but as of 2010, the primary use for indium was in
liquid crystal displays (LCD). Figure 10 shows the main end uses of
indium in 2010.
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Figure 10: Main end uses of indium as of 2010 [25].

Vanadium

Vanadium is a minor metal that is most commonly used in
steelmaking but also has applications as a pigment for ceramics
and glass. Steels alloyed with as little as 1% vanadium and as much
chromium are shock and vibration resistant and have much higher
strength properties than steel without similar additions. Vanadium
alloys can also sometimes be used in nuclear reactors because of its
low neutron absorbing properties. Although vanadium is relatively
abundant in the Earth’s crust, it is so widely and thinly distributed
that it is most commonly only mined as a by product to other
minerals and metals. Although some primary vanadium mines do
exist around the world, this paper will only focus on the by product
production of vanadium.

According to the 2015 Minerals Yearbook produced by the
United States Geologic Survey (USGS), most of the world’s supply
of vanadium was derived from mined ore. It is produced either
directly as a mineral concentrate derived from vanadiferous
titanomagnetite (VTM) or from steelmaking slags, where the
steel was produced from VTM [26,27]. In 2015, vanadium was
recovered from ores, concentrates, slag, or petroleum residues in
five countries. The leading vanadium producing nations are China,
Russia, and South Africa, accounting for 93% of world production
[27]. Table 6 shows the world mine production and reserves for
vanadium as reported by the USGS. In 2016 the United States had a
100% net import reliance on vanadium according to the USGS [28].

Table 6: World mineproduction and reserves as reported by the USGS [28].
Mine Production Reserves (Thousand metric tons)
2015 2016

United States - - 45
Australia - - 1,800

Brazil 5,800 6,000 NA
China 42,000 42,000 9,000
Russia 16,000 16,000 5,000
South Africa 14,000 12,000 3,500
World Total (Rounded) 77,800 76,000 19,000
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Vanadium can be recovered from VTM ores by two main
processes: precipitating vanadium salt from a leach of a salt-roasted
ore, or precipitation from a leach of salt-roasted slag obtained after
smelting the ore to make a vanadium bearing pig iron followed
by an oxygen blow in a converter to form the vanadium rich slag
[29]. Different countries employ slightly different processes that

are tailored to their specific VTM ore; however, the fundamentals
behind the process closely match the brief description above. A
flow sheet for the process of refining VTM using the second method
listed above is shown in Figure 11. This flow sheet is based on the
process employed at Chengde China.

Vanad inm-bearing titanaferons magnetite concentrate

B?;Fhﬁ?t w—— Vanadimm-beanng pellets
Vanadima-bearing stesl
Vanad ium slag Contmuons
Casting

H,50,, HH,C1NH,Cl

Precipitation

NH,VO,

Vanedum pentoide

Figure 11: Processing VTM at Chengde China [29].

Manganese

Manganese is an irreplaceable element for modern industrial
economies. It is an important element because of its desulfurizing,
deoxidizing, and alloying properties, as well as some other notable
chemical properties. Manganese is primarily used as an alloying
addition in steel. Although manganese is used in relatively small
quantities in the steel making process, it is critically important
to the process and no known substitutes currently exist. The
United States does not currently have any domestic production of

manganese and has not had a domestic production of the metal
for several decades. This leads to the United States having 100%
net import reliance for manganese as reported by the USGS [30].
Although the Unites States does not have any domestic production
of manganese, there is no world shortage of the metal. South Africa,
China, and Australia are the three largest producers of manganese
in the world though other countries also produce it. Table 7 shows
the world mine production and reserves for manganese as reported
by the USGS [30].

Table 7: World mineproduction and reserves for manganese as reported by the USGS [30].

Mine Production Reserves
2015 2016
United States - - -
Australia 2,450 2,500 91,000
Brazil 1,090 1,100 116,000
China 3,000 3,000 43,000
Gabon 2,020 2,000 22,000
Ghana 416 480 12,000
India 900 950 52,000
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Kazakhstan 222 160 5,000
Malaysia 201 200 NA
Mexico 220 220 5,000
South Africa 5,900 4,700 200,000
Ukraine 410 320 140,000
Other Countries 678 680 Small
World total(rounded) 17,500 1,600 690,000

While manganese is a metal that is usually mined as a primary
product in a mine, interest has recently turned to ferromanganese
nodules as a possible by product source for manganese. These
nodules contain roughly 20 to 30 percent manganese as well as
iron, copper, nickel, and other metals of interest [31-33]. The
biggest technological hurdle with the nodules is their location.
Most commonly, these nodules are found at the bottom of oceans
around the world. Because of this factor, the manganese content
within the nodule would not be enough to mine these nodules for
the manganese alone. The manganese would be recovered as a by
product to the iron, copper, nickel and other metals found in these
nodules.

Graphite

Graphite is a soft form of pure carbon that normally occurs as
black crystal flakes or masses. It is an industrial mineral that is
only produced in small amounts around the world. Graphite has
important properties, such as chemical inertness, thermal stability,
high electrical conductivity, and lubricity that make it suitable
for a wide range of industrial applications, including electronics,
lubricants, metallurgy, and steelmaking. For some of the listed
applications, no suitable substitutions currently exist. The United
States currently has 100% import reliance for graphite. Table 8
shows the worldwide mine production and reserves for graphite.

Table 8: Worldwide mineproduction and reserves for graphite as reported by the USGS [32].

Mine Production Reserves
2015 2016
United States - - -
Brazil 80 80 72,000
Canada 30 21
China 780 780 55,000
India 170 170 8,000
Korea, North 30 30 -
Madagascar 5 8 1,600
Mexico 22 22 3,100
Mozambique - - 13,000
Norway 8 8
Russia 15 15
Sri Lanka 4 4
Tanzania - - 5,100
Turkey 32 32 90,000
Ukraine 5 5
Zimbabwe 7 7
World total(rounded) 1,190 1,200 250,000

Graphite currently does not have large amounts of by-product
production. Most of the graphite produced around the world is
produced using primary production methods. Graphite is typically
produced by combining a simple rougher flotation step with several

cleaner stages and scavengers. Graphite recovery flow sheets also
often include screening with regrind to recover as much materials
as possible. Figure 12 shows a simplified flow sheet of graphite
processing.

Volume 2 - Issue - 2

How to cite this article: Philip C K, Dr. Corby G. Anderson. The Production of Critical Materials as By Products. Aspects Min Miner Sci. 2(2). AMMS.000532.

2018. DOI: 10.31031/AMMS.2018.02.000532.

218


http://dx.doi.org/10.31031/AMMS.2018.02.000532

Aspects Min Miner Sci

Copyright © Ocheri C

Figure 12: Simplified flow sheet for graphite recovery [33].

Platinum Group Metals

The six chemical elements that are normally referred to as
platinum-group metals (PGM) are: ruthenium, rhodium, palladium,
osmium, iridium and platinum. The PGM are rare, precious metals
thatare used in a diverse range of industrial applications as well as in
jewelry. The most widely used PGMs are gold, platinum, palladium,
and rhodium. Although Rhodium is an important material in
automobile catalysts, its use is an order of magnitude less than
that of platinum and palladium [34,35]. Platinum, palladium, and

Table 9: World mineproduction and reserves for PGMs [35].

rhodium are primarily used in auto catalysts to convert noxious
emissions from car exhausts to harmless non-toxic products.
Because of increasingly stringent emissions standards around the
world, the demand for PGM catalysts has grown remarkably since
the 1970s. The importance of PGMs in catalysts and other clean
energy devices has led PGMs to be determined as critical by the
European Union [1,2]. The United States also reported a net import
reliance of 73% and 48% for platinum and palladium, respectively,
in2016 [35]. Table 9 shows the world mine production and reserves
for PGMs as reported by the USGS.

Mine Production PGMS
Platinum Palladium Reserves
2015 2016 2015 2016

United States 3,670 3,900 12,500 13,200 900,000

Canada 7,600 9,000 21,000 23,000 310,000

Russia 22,000 23,000 81,000 82,000 1,100,000
South Africa 139,000 120,000 83,000 73,000 63,000,000
Zimbabwe 12,600 13,000 10,000 10,000 1,200,000

Other countries 4,000 3,400 8,300 6,600 NA

World total (rounded) 189,000 172,000 216,000 208,000 67,000,000

Platinum group metals are often mined in primary settings but
are also sometimes companion metals to copper, zinc, and lead/
zinc mines [3]. Currently, PGM are recovered from three sources:
primary PGM mines, by products of nickel, copper, zinc, and lead,
and from secondary (recycled) sources [36]. When PGMs are
extracted from nickel-copper dominant ores, the ore is first ground
and concentrated using flotation. After flotation is performed, the
resulting concentrate is sent to a smelter and a copper-nickel-PGM
matte is produced. This matter is then ground and subjected to

pressure leaching to concentrate metals of interest. The concentrate,
which contains almost all the PGMs is then further refined using
electro refining. The PGMs are dropped to the bottom of the electro
refining tank and are then recovered using further electro winning.
By product refinement methods for PGMs are closely guarded
by refineries but the general flow as described above is usually
performed [37-39]. A generalized flow sheet of the recovery of
PGMs from Stillwater Mining Company is shown in Figure 13.
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Figure 13: Stillwater Base Metals Refinery flow sheet [38].

Conclusion As outlined in this paper, many options for byproduct production of

Critical materials are so labeled because they are of large
importance to modern engineered objects but are subject to supply
risks. Figure 14 summarizes a recent European Union assessment.

critical materials exist. While all critical materials have a potential
byproduct source, more research must be completed to optimize
these procedures. Byproduct production of these materials will be
able to help alleviate supply shortages.
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