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Addressing the sustainability challenge in 
materials extraction

Messages
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Metals are key materials, at the basis of modern economy. Their sustainability is 
becoming a global and strategic challenge

Materials extraction and processing have large impact on environment, with 
practices inherited from a time of limited awareness

Novel paradigms are possible, taking benefit of decarbonized electricity 
and multidisciplinary approaches

New technologies are invented, developed and commercialized at MIT

Join the Metals and Minerals Program (MME) at MIT, May 2017



+2 billion people by 2050
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as population increases on the 
planet, it gets wealthier, in a non 
linear way… and in an even more 
non linear, maybe exponential way, 
as population increase the materials 
demand is drastically increasing.

More materials…
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fastest growth is in minerals and metals
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looking at the same time frame, on 
finds that it is not any materials…the 
fastest growing demand is for metals 
and minerals. Minerals for 
construction, fertilizers, and metals 
for infrastructure (see aluminium Al 
and and Iron Fe) and modern 
technologies linked to electricity, see 
Copper (Cu) and Aluminium
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Globally,  
• in last 35 years, double steel production  

(now around 1,500 000 000 tonnes)  
• in last 35 years,  quadruple aluminum production 

(now around 50,000,000 tonnes) 
Nationally, 
• leadership of China 
• in any developed economy, 10 to 15% of the value added 

tied to ‘metals’, largest share of any materials 
Strategically, 
• important metals and compounds are derived from primary 

metals supply-chain

Metals facts

the $500 billion minerals wheel
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the $500 billion minerals wheel rare-earth, Nb is niobium, V is 
vanadium, Mn is manganese, In is 
indium, Ge is germanium, Cd is 
cadmium, Ag is silver, Re is rhenium, 
Te is tellurium, Se is selenium, As is 
arsenic, Pt is platinum, Mo is 
molybdenum, Ni is nickel, Al is 
aluminium, Fe is iron, Cu is copper



1 tonne of steel ∼ 2 tonnes of CO2

1 tonne of aluminium ∼ 4 to 10 tonnes of CO2

1 tonne of copper ∼ 2 to 4 tonnes of CO2

Environmental impact
Greenhouse gas emissions 
for materials in 2013 in USA (EPA)  

others

39%

32%

28%

meta
ls

minerals
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CO2 is carbon dioxide. EPA is 
environmental protection agency

• legally binding text 

• target at warming temperature (as opposed 
to emissions) 

• 5-year timescale for countries to propose a 
plan  

• no constraints on a time for « phase out» of 
fossil

Nations requests
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 COP is Conference of Parties -  name is “COP 21”



China ? 
The 12th Five-Year Plan (FYP) 

	                                  -16%  in energy intensity 
	                                 +11% of renewable energy 
	                                  -17% in carbon intensity 

MIT News, February 2016 
"Using carbon pricing in combination with energy price 
reforms and renewable energy support, China could reach 
significant levels of emissions reduction without undermining 
economic growth," says Valerie Karplus, an assistant 
professor at the MIT Sloan School of Management. Details in 
Energy Economics 9

Government requests
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ONTARIO’S 
CLIMATE CHANGE 
STRATEGY

#ONclimate

Consumers?
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Consumer products company?

20Environmental Responsibility Report  |  2015 Progress Report, Covering FY2014

Amount of material recovered for reuse in 2014 in metric tons

 

In 2010, we set out to achieve a worldwide recycling collection rate of 70 percent 
of the total weight of the products we sold seven years earlier. Since then, we have 
consistently reached 85 percent. In 2014, we collected 40,396 metric tons of e-waste 
through our take-back programs. That’s more than 75 percent of the total weight of 
the products we sold seven years earlier, and significantly more than others in the 
industry typically report. 

We wanted to better understand the impact of these programs throughout the entire 
recycling chain, so we worked with e-waste experts to calculate how our recycling 
programs break down into raw materials: how much aluminum, steel, and other 
materials from the waste we collect was recovered for reuse instead of mining more 
virgin material. The remaining amount of waste was processed and managed to mini-
mize environmental impact.

Materials like aluminum, steel, copper, gold, silver, and palladium need to be mined 
from the earth and processed, which requires extensive land use and generates 
greenhouse gasses and other emissions. By recycling these materials, we can prevent 
a significant amount of these impacts. For example, we recovered enough steel in 2014 
that the equivalent could be used to build over 100 miles of railroad track. And we 
are continually investing in new ways to better reuse these materials and recover other 
rare elements.
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amount reused or recycled  in 2014
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The worst toxic offenders.

 

We design our products with greener materials.
We’re conscious of how glass, plastic, metal, and other materials affect our products 
as well as the environment. We lead the industry in reducing or eliminating environ-
mentally harmful substances, and we’re always striving to make our products more 
environmentally friendly. 

Testing for toxins right from the start.
We work closely with our suppliers to make sure our products are free from the harmful 
substances we specify, and we confirm it in our own Environmental Testing Lab. We 
submit our products’ components to rigorous analysis including X-ray fluorescence 
spectroscopy, laser-induced breakdown spectroscopy, and ion chromatography.

We can do a lot. But we can’t do it alone.
We’ve formed our own Green Chemistry Advisory Board to stay in the forefront of 
identifying, minimizing, and eliminating toxins from our supply chain. We have also 
established a roundtable on toxins to learn from top U.S. and international NGOs how 
we can make our products and processes even safer. We’ll continue to seek out and 
take advantage of the best science, data, and solutions to keep both people and the 
planet healthy.

HgBe

Pb As PVC

BFRs Pht

Brominated Flame Retardants (BFRs) 
Toxic compounds added to 

plastic enclosures, circuit boards, 
and connectors. Eliminated 
from our products in 2008.

Phthalates
Used to soften plastics in 

cables and powercords. We finished 
eliminating them from our cables 

and power cords in 2013.9

Mercury
Present in the fluorescent

lamps that once backlit Mac
displays. Eliminated from our 

displays since 2009.

Lead
Formerly used in display 

glass and solder. Phased out 
completely from our 

products in 2006.

Polyvinyl Chloride (PVC)
Still widely used by other

companies in computers, cables,
and power cords. We began
phasing out PVC in 1995.9

Arsenic
Traditionally used for clarity  
in glass. Our display glass has 
been arsenic-free since 2008.

Beryllium
Found in copper alloys used to make 

connectors and springs. iPhone 6, 
iPad Air 2, and MacBook were designed 

without the use of beryllium.

materials banned from product

Consumer products company?

12
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Environmental impact

39%

32%28%

GreenHouse Gas emissions for materials 
in 2013 in USA (EPA)  
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Origin of impact: smelting
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• S2- as a fuel 
• S2- as a reductant 
 	 	 ☛ smelting

Cu2S + O2 = 2Cu(l)+SO2(g)
6000BC

Cu2S is copper sulfide, O2 is oxygen, 
Cu is copper, SO2 is sulfur dioxide. 
S2- is sulfur



Technological framework
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Cu SO2

product 
and co-products 

(Te, Se, Ag, Mo, Re, Pb,…)
waste

O2 from air
abundant & free

process 
basic 

principle

free combustible
in Cu2S
in FeS
in PbS

FeS is iron sulfide, also called pyrite, 
PbS is lead sulfide, O2 is oxygen, see 
slide 6 for other names
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process 
basic 

principle
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process 
basic 

principle

ore purification gas 
treatment

product 
 purification

waste 
retreatment

additional engineering 
steps to cope with inefficiencies

SOx, As, Zn(g) 
Pb(g 

H2SO4

CuO
excess S, O 

noble impurity 
recovery

SOx reads SOex, As is arsenic, S is 
sulfur, O is oxygen, CuO is copper 
oxide
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process 
basic 

principle

incremental 
engineering

markets and society

Existing 
paradigm
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Sustainable Materials Processing

Existing 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Allanore
Research Group

22

higher 
selectivity

Sustainable Materials ProcessingAllanore
Research Group

process 
basic 

principle

incremental 
engineering

markets and society

Existing 
paradigm

21st century 
processing
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Using electricity and carbon since 1886
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2Al2O3 + 3C = 4Al(l)+3CO2(g)

• C as a fuel 
• e- as a reductant 

 	 	 ☛ Hall-Héroult

Aluminium oxide electrolysis
32 PRODUCTION OF ALUMINUM.

easily in a molten state, and so accelerate the reduc-

tion, Heroult adds also a few parts of cryolite.

Second Type of Furnace. For the first experi-

FIG. 10.

ment, which was carried out on a small scale only,
the furnace just described answered all purposes,

although it was necessary after each smelting to

carbon 
anodes

molten 
aluminium



What Aluminium is doing…
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2Al2O3 = 4Al(l) + 3/2 O2(g)
• cost reduction  
• eliminates CFC & GHG emissions 
• allows higher productivity
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source: AISI

Electric Arc Furnace

Heroult 1906 (CA)

1901, Emile Zola, Work
Mr. Smelt had already felt that he was threatened. He was aware of the researches 
which Mr. Coulomb was making with the view of replacing the old, slow, 
barbarous smeltery by batteries of electrical furnaces. The idea that one might 
extinguish and demolish the giant pile which flamed during seven or eight years at 
a stretch, quite distracted the master smelter […] However, as the cost price still 
remained too high for electricity to be employed for smelting ore, Mr. Smelt was 
able to rejoice over the futility of Mr Coulombs's victory. 

Electricity & steelmaking
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Emile Zola, french writer of the end 
of the 19th century, famous for his 
writings about coal miners also 
wrote about his vision for metal 
extraction

electricity for recycling… 
but how about for metal extraction from ore?

source: AISI
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Electricity & steelmaking
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Principle: solid oxide feed, liquid product
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• periodic feed of oxide  

•operating temperature 
above metal melting point 

• carbon-free 
• liquid metal product

Electrochemical processing

MO → M(l) + 1/2O2(g)

Electrochemical processing

sample

sample
Xe lamp

quartz tube

electrodes

sample

electrodes30

๏ in the laboratory 

Floating zone furnace, Xe is Xenon
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Post-experiment 

4 

Fig. electrodes following electrolysis and droplet destabilization. 

Cathode 

32

5	microns	

intermetallic? 
Ir17-La2 +Y

liquid?  
Ir89-Y10+La

Metal oxide processing

12 
 

 
Fig. 7 Anode potential (EA), cathode potential (EC), cell voltage (Ucell), and current (I) recorded during potentiostatic 
electrolysis. Constant 1.6 V was applied between anode and cathode. EA and EC were measured indepently of the 
potentiostat. All potential and voltage data were corrected for ohmic drop. At t = 60 s, the lamps were shut off and 
the droplet and electrodes were quenched. (T = 2485 K, Gas B, large anode, charge passed Q = 14.32 C). 

 
Fig. 8 a. Optical micrograph of a polished cross-section of the cathode pairing with electrochemical signals shown 
in Fig. 7 (scale bar 200 µm). b. BSE image of the cathode deposit; same cross-section as a. (scale bar 100 µm). c. 
High-magnification BSE image of the region enclosed by the white box in b. revealing the microstructure (scale bar 
10 µm). Results of compositional analysis by EDS are shown for the lighter and darker phase regions.  

๏ Aluminium, Rare-earth, Titanium, Manganese, Nickel… 
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D E R E K  F R A Y

In 2011, about one billion tonnes of iron was 
produced worldwide1. Unfortunately, the 
concomitant generation of carbon dioxide 

contributed to around 5% of that year’s global 
increase in atmospheric CO2 (ref. 1). This was 
not because the amount of CO2 produced per 
tonne of iron is high — it is in fact less than that 
of most metals — but because of the immense 
quantity of iron produced. In a paper published 
on Nature’s website today, Allanore et al.2 report 
a discovery that might lead to a more environ-
mentally friendly method for making iron: the 
reduction of iron ore using an electric current, 
a process known as electrolysis.

Iron ore is commonly chemically reduced 
by carbon in a blast furnace at 1,600 °C to give 
liquid iron that is saturated with carbon, and 
a mixture of CO2 and carbon monoxide3. The 
carbon monoxide is usually burnt to gener-
ate heat and more CO2. However, solidified 
iron from blast furnaces has few applications 

because of its inherent brittleness. Useful steel 
products can be made only by removing most 
of the carbon as yet more CO2 and carbon 
monoxide, and by removing other impurities 
that tend to be introduced with the carbon.

An alternative approach is to reduce iron 
oxides directly with hydrogen. But most hydro-
gen is obtained by the reaction of methane with 
water, or by the electrolysis of water3. Either way 
requires two steps: hydrogen generation and the 
reduction of the iron oxides. It therefore seems 
logical to bypass the hydrogen-generation step 
and use electricity to reduce iron ore directly 
(Fig. 1). What is more, it would be preferable to 
use conditions in which both the metal prod-
uct and the electrolyte (the material in which 
the iron oxide is dissolved) are liquids, because  
liquids are generally easier to handle than solids. 
Another important reason for making a liquid 
product is that if iron is deposited as a solid from 
molten electrolyte, it forms as a fine powder that 
can be easily oxidized, reversing the desired 
reaction. The overall challenge, therefore, is 

to devise an electrolytic process that produces 
carbon-free liquid iron and oxygen.

Iron oxide readily dissolves in metal-oxide 
melts to form a predominantly ionically con-
ducting mixture in which the iron is present as 
iron(ii) or iron(iii) ions. Deposition of liquid 
metal from the melt is unlikely to be a prob-
lem, so the main challenge in developing an 
electrolytic method for iron production is to 
find a suitable anode, which must be highly 
conducting and not be attacked by the melt 
or by liberated oxygen at 1,600 °C. There are 
three kinds of material that might be suitable: 
metals, which are usually highly conducting, 
but may oxidize; conducting ceramics, which 
might dissolve in the melt and are not malle-
able; and cermets, which are mixtures of metals 
and ceramics4. 

Allanore et al. concentrated on metallic 
alloys that form oxide films on their surfaces 
during electrolysis — films that do not read-
ily dissolve in the liquid electrolyte. The same 
group has also reported5 that iridium is a suit-
able anode material because its oxide cannot 
form at above 1,200 °C; the metal therefore 
remains as a metal during electrolysis, rather 
than corroding away because of oxidation. 
However, iridium is much too expensive and 
scarce to use for industrial iron production.

By examining cheaper chromium–iron 
alloys, the authors have found these to be 
resistant to oxidation under the conditions 
that are necessary for iron oxide reduction 
in molten electrolyte. Another advantage of 
these alloys is that any anodic dissolution will 
not introduce undesirable contaminants into 
the iron. In fact, traces of chromium could be 
bene ficial, because this metal is commonly 
added to iron to decrease its oxidation rate. 

When an alloy oxidizes, the main 
components of the film that forms at the sur-
face are usually the oxides of the elements in 
the alloy. Surprisingly, the oxide layer that 
formed on the anode during electrolysis in 
Allanore and colleagues’ study consisted of 
a solid solution of chromium oxide and alu-
minium oxide. The latter came from the elec-
trolyte, which was a mixture of iron(iii) oxide, 
calcium oxide, aluminium oxide and magne-
sium oxide. But curiously, when the research-
ers immersed a chromium–iron anode in the 
electrolyte without an applied voltage, they 
observed the formation of an additional mixed 
layer of calcium oxide and aluminium oxide 
on top of the chromium oxide–aluminium 
oxide layer. This observation runs counter to 
conventional oxidation theory. It may be that, 
when a voltage is applied, positively charged 
calcium ions are repelled by the positive poten-
tial at the anode, preventing calcium from 
forming part of the coating.

Allanore and co-workers’ results will 

M E TA L L U R G Y

Iron production 
electrified
Scientists have long dreamt of converting molten iron oxide to iron and oxygen 
using electricity. An anode material that withstands the high temperatures and 
corrosive chemicals involved brings the dream closer to reality.

Figure 1 | Metal extraction by electrolysis. The interior of an aluminium smelter demonstrates the 
harsh conditions that must be withstood by the components of electrolytic cells. Allanore et al.2 report 
materials that could be used as anodes in the electrolytic production of iron.
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© 2013 Macmillan Publishers Limited. All rights reserved

A. Allanore et al., Nature, 2013 

Discovery of an inert anode material to make oxygen at MIT in 
2011

Metal oxide processing

Boston ElectroMETallurgical Corporation (BEMC)
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more than 1 tonne 
of processed metal

Operator(
closing(
tap(hole(

Boston(Electromet(Confiden6al(

demonstrated up scalability by 1000x 

producing liquid metal from oxide feed
reactor design allows operation up to 2000°C

Metal oxide processing

self-heated thanks to electricity
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Copper, since 6000BC

Cu2S + O2 = 2Cu(l)+SO2(g)
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• different ‘electrochemical 
serie’ 

• Molten sulfide electrolyte?

Sulfides?
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i.e., Re is more noble.

(xMySz → xy M + S2)

Sulfide electrolyte candidate

5

๏ It is possible to use alkaline-earth sulfides (BaS) as an 
additional component to “solvate” Cu2S at 1105°C

38

a. b.

c.

Sokhanvaran et al., J. Electrochem. Soc., 2016

Molten BaS - Cu2S electrolyte

O. V. Andreev and N. N. Parshukov, Russ. J. Inorg. Chem., 36, 1190 (1991).



Copper production
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(+) (-)

2 mm

98% to 99% Cu 
3 A.cm-2 

+50% faradaic efficiency 
0.5V

1 cm

lab test lab cell x10

elemental sulfur as anodic product 
- fertilizer 
- fuel



several grams of liquid copper +99.9 pure 
demonstrated for Mo, Re, Zn, Sn, Ag, Fe

Summary

42

• There is a need to reshape the metals and minerals 
industry to allow materials to meet global challenges 

• Electrochemical techniques are one possible path 

• There is a need for novel electrolytes compatible with 
the ore feedstocks and molten metal production for high 
productivity 

• Two examples, molten sulfides and molten oxides, 
with their own materials science & engineering 
challenges
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Funding agencies

Framing	out	the	vision	of	this	collaboration	to	transform	the	minerals	and	metals	
industry	and	your	role	in	facilitating	it	(1	minute)	
The	kinds	of	opportunities	that	have	been	unearthed	-		new	way	of	metal	
extraction	and	the	phosphate	extraction	idea	–	as	example	of	scalable	better	
practices	(2	mins)	
The	dilemmas	and	barriers	that	have	been	discovered	along	the	way	and	your	
thoughts	re:	how	this	kind	of	enterprise	needs	to	be	supported	going	forward	(2	
minutes)	
Any	connection	to	course	participants	or	content	that	you	are	already	thinking	
might	be	of	value	in	your	work	ahead	(1	min)



Extraction 
& Manufacturing

Mine Operations

Beneficiation

Use 

Transport

Recycling

• Team of 20+ researchers from across 
MIT finding innovative solutions to 
sustainability challenges for the metals 
and minerals sector  

• MME is a platform for collaboration  
between academia and industry on 
environmental & social challenges such 
as 
• Climate and energy 
• Wastes and tailings 
• Supply chain  

Launched in 2015 with support from 

Examples of Ongoing Research
MOLTEN OXIDE AND 
SULFIDE ELECTROLYSIS

POTASH FERTILIZER FROM 
FELDSPAR

• Novel technique for extracting 
value from oxide waste 

• Energy efficient & renewable-
friendly 

• Eliminates sulfuric acid as 
byproduct

• New approach to produce 
potash for local mineral 
resource, feldspar 

• Better fertilizer for tropical 
soils

CONFLICT MINERALS 
IN IT SUPPLY CHAINS
• Improved tracing of  

conflict minerals in IT  
products like phones, servers and 
laptops 

• Focus on tungsten, gold and 
tantalum

CARBON CAPTURE
• More efficient and cheaper 

techniques for carbon capture  
• Diverse application, such as 

power plants, steel mills, 
mobile transportation

Copper,	potash,	tungsten



May 11 – 12, 2017

SYMPOSIUM
• Presentations from researchers 

showcasing ongoing research on 

metals and minerals at MIT 

• Keynote speakers from industry 

• Opportunities for discussion and 

information sharing 

Visit metalsandminerals.mit.edu for more info.


