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materials
 

sustainability



what do we need to do about limited 
resources?

new sources

alternative materials

dematerialization



need to consider time scales

short-term:  extension of what we have 

long-term:  sustainable solutions



new sources



extend traditional sources

• develop new reserves 

• better mining technologies

• better extractive processes

• mine tailings



rate of discovery of major deposits is 
slowing

Material Scarcity, an M2i study, Wouters and Boi (2009)
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tables. This value can be compared with the amount that the logistic or Gaussian fitting of the 
curve provides.36 

For four minerals (Mercury, Lead, Cadmium and Selenium), Bardi and Pagani found a good 
agreement of the URR determined from the logistic fitting with the URR determined from the 
USGS data. For five minerals (Tellurium, Phosphorus, Thallium, Zircon and Rhenium), the URR 
obtained from fitting is still acceptably close to the USGS data, although smaller. 

The URR derived from the USGS data are significantly higher only for Gallium and Potash. This 
discrepancy can be due to the high uncertainty of the data for gallium and potash; i.e. data on 
world production of primary gallium are unavailable because data on the output of the few 
producers are considered to be proprietary and data on the reserves and reserve base of potash 
are rounded to avoid disclosing company proprietary data. 

 

Figure 13. Global discovery rate37 

 
The peak in the Hubbert peak theory suggests that at the end the number of deposit discoveries 
will decrease. This effect is discernible in Figure 13, which shows the global discovery rate of 
deposits. Furthermore, exploration and mining are becoming increasingly difficult for the 
activities have to take place in remote locations under harsh conditions. The grades of the 
discovered ores are lower, the pertinent ore-bodies are lying deeper and the permitting 
processes last longer.38 Hence, the exploration expenses are increasing; see Figure 13. Not only 

                                                      
36  Ugo Bardi (Professor; Department of Chemistry, University of Florence, Italy) and Marco Pagani 

"Peak Minerals" 
Posted at "The Oil Drum: Europe" by Chris Vernon on 15 October 2007 
Retrieved 23 April 2009 from http://www.theoildrum.com/node/3086 

37  Magnus Ericsson (Raw Materials Group) 
"Exploration in the Nordic Countries" 
Presentation at Raw Materials Group 5th Exploration & Mining Conference 
Stockholm, Sweden; 20 November 2008 

38  Magnus Ericsson (Raw Materials Group) 
"Exploration in the Nordic Countries" 
Presentation at Raw Materials Group 5th Exploration & Mining Conference 
Stockholm, Sweden; 20 November 2008 

 

cost of exploration



improved mining

An important factor in the extraction of ores and the extraction of metals from ores is the energy 
required for these activities. In case of unlimited energy supply, material resources are only 
limited by the amount of mineral resources available in the Earth’s crust.10 As energy is as much 
a scarce resource as materials are, the extraction of materials is limited. The energy 
requirements of materials supply are discussed further below. 

Reserves are more an economical than a geological quantity, and they largely depend on the 
costs associated with the extraction of the mineral from the earth. These costs have come down 
dramatically over the last decades, which have increased the reserves. This mechanism is 
illustrated in Figure 2 which shows the development of the drilling speed (directly associated with 
the drilling costs) over the last century. 
 

 

Figure 2 Technical development of drilling techniques11  

 

New techniques will enable an increase of both the extraction rate and the production rate of the 
subsequent processes. Heavy machinery is needed in mining for exploration and development, 
to remove and stockpile overburden, to break and remove rocks of various hardness and 
toughness, to process the ore and for reclamation efforts after the mine is closed. Bulldozers, 
drills, explosives, trucks and fuel are all necessary for excavating the land. 

                                                      
10  A.M. Diederen 

Metal minerals scarcity: A call for managed austerity and the elements of hope 
TNO Defence, Security and Safety; Rijswijk, The Netherlands; March 10, 2009 

11  Magnus Ericsson (Raw Materials Group) 
"Current trends in global metal markets – industry responses" 
Presentation at Bergforsk  
The 3rd Bergforsk Annual Meeting [organised by the Swedish Mining Research Foundation (MITU)] 
Luleå, Sweden; 23-24 May 2007 
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Wouters and Boi 
(2009)



tailings

toxic mess and new supply



issues

• not sustainable (short-term), because we 
will eventually run out of exploitable 
resources 

• environmental consequences (tailings, run 
off, etc.)

• social consequences (especially in 
developing world)



Common minerals and elements found in tailings 
include

• Arsenic - Found in association with gold ores
• Barite
• Calcite
• Fluorite
• Radioactive materials - Naturally present in 

many ores
• Mercury
• Sulfur - Forms many sulfide compounds / 

pyrites
• Cadmium



Common additives found in tailings

• Cyanide - as both sodium cyanide (NaCN) and hydrogen 
cyanide (HCN). 

• SEX - Sodium Ethyl Xanthate. Flotation agent.
• PAX - Potassium Amyl Xanthate. Flotation agent.
• MIBC - Methyl Isobutyl Carbinol. Frothing agent.
• Sulfamic acid - Cleaning / descaling agent.
• Sulfuric acid - Used in large quantities in the PAL process 

(Pressure Acid Leaching).
• Activated Carbon - Used in various processes.
• Calcium - Different compounds, introduced as lime to aid 

in pH control.
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Sources	  of	  tantalum	  -‐	  coltan



sea water

• metal ions are dissolved in sea water in small 
concentrations

• with large amount of water, the seas represent a very 
large resource

• but, will take large amounts of energy to extract the 
resources

• note: methods involving pumping swa water through 
membranes impregnated with chemicals that react 
with metal of interest

data from: U. Bardi, Sustainability 2, 980 (2010) 
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commercially extracted today, with the least concentrated of the four being potassium (K) at 400 parts 
per million (ppm). Below potassium, the next metal ion in order of decreasing concentration is lithium; 
at a value more than three orders of magnitude lower: 0.17 ppm. Noble metals and refractory metals 
exist in seawater at the opposite side of the concentration spectrum; in many cases in such minute 
concentrations that are impossible to determine with certainty. 

The concentration of ions in seawater depends mainly by two factors: their crustal abundance and 
the existence of water-soluble species. These two constraints account for the spread in the 
concentration values. As an example, thorium and uranium are both usable as fuel for fission plants, 
but uranium exists in seawater at concentrations about four orders of magnitude larger than thorium. 
This is due to the different chemistry of the two ions. Thorium is present mainly as scarcely soluble 
hydroxide, whereas uranium exists as the much more soluble uranyl carbonate complexes [12-14]. 

Table 1 lists the seawater concentrations and total amounts of some metal ions. The amounts 
available in seawater are compared with the land reserves listed by the United States Geological 
Survey (USGS) [15]. The reserves are mineral sources reasonably homogeneous in terms of 
composition, so it makes sense to compare reserves to the amount of ions dissolved in seawater, which 
is also a homogeneous resource in terms of composition. “Mineral resources”, the other concept 
commonly used in this field, often implies a different composition and different geological and or 
technological constraints. Also note that the concept of “reserves” may be a realistic estimate of what 
we can actually extract from land mines [3]. Table 1 shows the presence of huge amounts of minerals 
in the sea, in most cases considerably larger than the estimated reserves on land. 

Table 1. Concentrations and estimated amounts of dissolved metal ions in the sea, 
compared with the estimated land resources. 

Element Concentration in  
seawater (ppm) 

Total oceanic abundance 
(tons) 

Mineral reserves on 
Land (tons) 

Na 10,800 1.40 ! 1016 - 

Mg 1,290 1.68 ! 1015 2.20 ! 109 

Ca 411 5.34 ! 1014 - 

K 392 5.10 ! 1014 8.30 ! 109 

Li 0.178000 2.31 ! 1011 4.10 ! 106 

Ba 0.021000 2.73 ! 1010 1.90 ! 108 

Mo 0.010000 1.30 ! 1010 8.60 ! 106 

Ni 0.006600 8.58 ! 109 6.70 ! 107 

Zn 0.005000 6.50 ! 109 1.80 ! 108 

Fe 0.034000 4.42 ! 109 1.50 ! 1011 

U 0.003300 4.29 ! 109 2.60 ! 106–5.47 ! 106

V 0.001900 2.47 ! 109 1.30 ! 107 

Ti 0.001000 1.30 ! 109 7.30 ! 108 

Al 0.001000 1.30 ! 109 2.50 ! 1010 

in current 
production
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Table 1. Cont. 

Element Concentration in  
seawater (ppm) 

Total oceanic abundance 
(tons) 

Mineral reserves on 
Land (tons) 

Cu 0.000900 1.17 ! 109 4.90 ! 108 

Mn 0.000400 5.20 ! 108 4.60 ! 108 

Co 0.000390 5.07 ! 108 7.00 ! 108 

Sn 0.000280 3.64 ! 108 6.10 ! 106 

Cr 0.000200 2.60 ! 108 4.75 ! 108 

Cd 0.000110 1.43 ! 108 4.90 ! 105 

Pb 0.000030 3.90 ! 107 7.90 ! 107 

Au 0.000011 1.43 ! 107 4.20 ! 104 

Th 0.0000004 5.20 ! 105 1.30 ! 106 

Seawater element concentrations are taken from [16]. Oceanic abundance is calculated assuming a 
total ocean volume of 1.3 ! 109 km3 (1.3 ! 1018 tons). Mineral reserves are from USGS data [15] 
except for uranium reserves; for which two values are given, the smaller one from [8] and the larger 
one from [6]. The USGS [15] does not provide data for the world reserves of sodium and calcium. 
All land reserves are in terms of the pure element, except for aluminium, iron, potassium, thorium 
and titanium, given in terms of oxides. The table does not list elements contained in extremely 
minute traces in seawater. Thorium is shown as an exception, because of its potential importance as 
nuclear fuel, although obviously the value reported only suggests an order of magnitude. 

2.2. Extraction Techniques 

Traditionally, the most concentrated ions in seawater (e.g., minerals such as sodium chloride) were 
concentrated and extracted from seawater by evaporation. Ions such as Mg or K can subsequently be 
recovered by electrolytical processes. These methods are not practical for low concentration ions, for 
which the most general extraction method is to pump seawater through a membrane containing 
functional groups that selectively bind to the species of interest. No known membrane is 100% 
selective, but it is possible to create membranes that can retain a small number of species. The 
adsorbates can be extracted from the membrane by flushing it with appropriate chemicals, a process 
called “elution”. After this stage, the metal ions can be separated and recovered by precipitation  
or electrodeposition. 

The scientific literature reports only two recent cases of experimental tests of extraction from the 
sea of ions other than the four most concentrated ones: lithium [9] and uranium [10,17]. None of these 
attempts led to the development of commercial processes.  

The problem with extracting minerals from seawater lies in the huge amounts of water that need to 
be processed. Table 2 shows an estimate of these amounts 
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Sustainability 
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Table 2. The masses of seawater that must be filtered in order to obtain the elements of 
technological interest at present traditional mining production scale.  

Element Total mass in 
oceans (tons) 

Production in 2007 
(tons) 

Mass of water to be 
processed (tons)a 

Li 2.31 ! 1011 2.50 ! 104 1.40 ! 1011 

Mo 1.30 ! 1010 1.87 ! 105 1.87 ! 1013 

U 4.29 ! 109 6.65 ! 104 2.02 ! 1013 

V 2.47 ! 109 5.86 ! 104 3.08 ! 1013 

Cd 1.43 ! 108 1.99 ! 104 1.81 ! 1014 

Au 1.43 ! 107 2.50 ! 103 2.27 ! 1014 

Sn 3.64 ! 108 3.00 ! 105 1.07 ! 1015 

Ni 8.58 ! 108 1.78 ! 106 2.69 ! 1015 

Cu 1.17 ! 109 1.56 ! 107 1.73 ! 1016 

Mn 5.20 ! 108 1.16 ! 107 2.90 ! 1016 

Zn 6.50 ! 109 1.80 ! 108 3.60 ! 1016 

Al  1.30 ! 109 3.80 ! 107 3.80 ! 1016 

Cr 2.60 ! 108 2.00 ! 107 1.00 ! 1017 

Pb 3.90 ! 107 3.55 ! 106 1.18 ! 1017 

Fe 4.42 ! 109 2.26 ! 109 6.65 ! 1017 

Ti  1.30 ! 106 6.10 ! 106 2.77 ! 1017 

Co 5.07 ! 108 6.23 ! 107 1.59 ! 1017 

a The values are hypothetical calculations that yield the production figures of the corresponding 
elements at an optimistic assumption of 100% efficiency of the filtering membrane. Seawater 
elements concentration are from [16]. Oceanic abundance is calculated assuming a total ocean 
volume of 1.3 ! 109 km3. Mineral production data are from [15] except for uranium data, which is 
from [8]. In this case, the value reported is the total uranium consumption rather than the mineral 
production, which is about 2/3 of the total. 

 
In examining the table, consider, as a comparison, that the total volume of water desalinated today 

is in the order of ten billion tons ([18] reports a value of 1.6 ! 1010 tons). Even for the most favourable 
case, lithium, the table shows that the amount of water to be processed is at least ten times larger. 
Moving these enormous amounts of water is not just a practical problem; it involves energy. This 
parameter is especially critical if we consider the extraction of two elements that are to be used as 
energy sources: lithium and uranium. Uranium, in the form of 235U, is the fuel of the present generation 
of nuclear fission plants. Lithium, in the form of the 6Li isotope, could be a source of tritium, which 
can be used as fuel for a future generation of fusion power plants. In both cases, the feasibility of 
extraction is determined by the energy needed according to the well-known concept of EROEI [5]. The 



mining the ocean floor

• based on data and models, estimates that we could 
have huge deposits on common metals in sulphide 
deposits near volcanic ridges in the deep ocean

• for example, 6000 years of copper at present rate of 
production

• obviously, how to extract these is currently an issue

artice in press: L. M. Cathles,  Mineralia Deposita



recycling

• critical for sustainable use of metals
• recycling of certain metals is currently an important 

source of material:  in US, > 3 million metric tons of 
Al, ~ 1 million tons of Cu, > 60 million tons of iron 
and steel, ...

• however, much of these end up in land fills, along wit 
trace amounts of rare earths and other useful metals

this is an area of research and the start of new companies



importance of recycling
• recycling iron and steel saves 74% in energy 

and 86% in emissions compared to primary 
production

other energy savings:
• 95% for aluminum
• 85% for copper
• 65% for lead
• 60% for zinc
• over 80% for plastics





what happens to your trash

• in US, depends entirely on where you live
• we lack the environmental laws and requirements of 

many places in Europe, Japan, Korea
• many communities just toss it in the ground
• an incredible waste of resources and potential source 

of toxins
• probably will change as costs and regulations change



what about Ames?

• Ames has a very progressive Resource Recovery 
Center

• all trash is pulverized and sent through a series of 
machines that separate the trash into metals, glass, 
organics, plastic, paper, etc.

• what they cannot separate or burn, they send to a 
land fill

• they burn large amounts of trash in the power plant



separation of metals

• easy to extract magnetic materials (iron, some steel, 
nickel, rare earths, ...) with large magnets

• can separate non-magnetic materials also with large 
magnets with an eddy current seperator

• can separate steel with another machine that induces 
a field that identifies the metal and then forces the 
metal off the line

• Ames does all three (state of the art) 



separation of metals

from: http://www.cogelme.com/eng/e-company.htm



environmental laws differ from place 
to place and state to state

• example:  fluorescent light bulbs (contains mercury, 
various rare earths (in the phosphors), ...)

• companies must recycle used fluorescent light bulbs, 
households do not

• in Ames, the resource recovery center wants you to 
drop them off and they will treat them as toxic waste

• to my knowledge, no one yet extracts the chemicals 
in the phosphors from the bulbs



issues

• essential for sustainability, yet no country has 
sufficient collection and processing of waste

• social consequences for the developing 
world

• research on how to extract minute amounts 
of materials from a complex waste stream is 
yet to be done

• we need to better design products to make 
recycling easier



waste flows 
to asia 

major loss 
of material 
from the 
west



e-waste

often recycled in developing 
nations

80% of recycled electronics in 
US shipped overseas



why?

a difficult 
technological 
challenge



South Africa

Asia



mining landfills

• environmentally challenging (don’t know 
what is buried there)

• up to now, not economically viable
• however, beginning to be looked at seriously 

across the world (do a web search)

• need new methods to extract trace 
elements



alternative materials



dematerialization
or

sustainable design



all a question of the design of 
products

• sustainability must be a design constraint

• need to focus on quantity, source, energy, 
toxicity, ... of each material choice



five principles of sustainable design



What can we do?

• Develop new methods for both extracting and 
recycling materials 

• Develop new materials or materials systems (e.g., 
multifunctional materials) as replacements for those 
that are scarce and to reduce materials needs

• Change the role of the materials engineer in the 
design process, with “cradle to grave” mentality


