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PERIODIC TABLE
— The ordinary picture —
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PERIODIC TABLE
— The quantitative picture —




DEMATERIALISATION
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ENIAC

the first electronic computer (1944)

- Weigth: =30 t
- Valves: 19 000

- Consumption:
200 000 W




How small can a transistor be?
The evolution of microprocessor manufacturing processes

Intel 8088
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“You can
see that we're

1.3 billions of transistors D

atoms...”

- Gordon Moore

Average dimension: 22 nm L s i o

Data source: WikiPedia
Graphics from Intel, ShutterStock, and WikiPedia
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THE CHAMPION OF DEMATERIALIZATION

THE TOP-SELLING ROAD ATLASES OF EUROPE

@ 2014

a BIG ROAD ATLAS
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THE PRICE TO PAY: A MORE INTENSIVE
HUNTING OF THE PERIODIC TABLE

2015

Over 40 elements in a mobile phone

ELEMENTS OF A SMARTPHONE

ELEMENTS COLOUR KEY: @ ALKALI METAL ) ALKALIN

ARTH METAL

ROUP 16

CUF 14 @ G

SCREENO
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Indium tin oxide is a mixure of
indiumn oxide and tin oxide, used
in a transparent film in the screen
that conducts electricity. This allows
the screen ta function as a touch
screen

The glass used on the majority of
smartphones is an aluminosilicate
glass, composed of a mix of alu
(A0 and silica (Si0,). This glass
also contains potassium iens, which
help to strengthen it.

A variety of Rare Earth Element
compeunds are used in small
quantities to produce the colours
in the smartphone’s screen. Some
compounds are also used to reduce
UV light penetration into the phone.

Copper is used for wiring In the
phane, whilst copper, gold and silver
are the major metals from which
microelectrical  components  are
fashioned, Tantalum is the major
component of micro-capacitors.

Nickel is used in the microphone as well
as for other electrical connections. Alloys
inchuding the elerments praseodymium,
gadolinium and neodymium are used
in the magnets in the speaker and
microphone. Neodymium, terblum and
dysprosium are used in the vibration unit

Pure silicon is used to manufacture
the chip in the phone. It is oxidised
to produce non-conducting reglons,
then other elements are added in
order to allow the chip to conduwct
electricity.

Tin & lead are used to solder
electronics in the phone. Newer lead-
free solders use a mix of tin, copper
and silver.

@ HALOGEN i LANTHANIDE

OELECTRONICS

:
DEO
Terbium |secdyeniom)

BATTE RYO

O CASING

The majority of phones use lithium ion batteries,
which are composed of lithium cobalt oxide as a
psitive electrode and graphite (carbon] as the
negative electrode. Some batteries use other
metals, such a2 manganese, in place of cobalt,
The battery's casing is made of aluminium

Magnesium compounds are alloyed to make
some phone cases, whilst many are made
of plastics. Plastics will also include flame
retardant compeunds, some of which contain
bromine, whilst nickel can be included to
reduce electromagnetic interference

Carvon I Magnesum

s
Br
‘Bramine

POUNDCH

oM

Source: http://www.compoundchem.com

1990

Less than 20 elements
in an entire house
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DEMATERIALISATION

MATERIAL
INTENSIFICATION



OUR “MINE”: ATINY SPACESHIP EARTH

We can dig
down to about

5 km
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MINERAL “RESOURCES” AND “RESERVES”

RESERVES

UNDISCOVERED
RESOURCES

RESOURCES

Critical Raw Materials for the EU, The European Commission, 2010
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ENDANGERED ELEMENTS:

SELECTED EXAMPLES

THE PERIODIC TABLE'S ENDANGERED ELEMENTS

LIMITED AVAILABILITY - FUTURE RISK TO SUPPLY @
. RISING THREAT FROM INCREASED USE

. SERIOUS THREAT IN THE NEXT 100 YEARS

E89-103

SOURCE: CHEMISTRY INNOVATION KNOWLEDGE TRANSFER NETWORK

AC S ‘ Produced for the ACS Green Chemistry Institute by Andy Brunning/Compound Interest.

W Chemistry for Life /%gezgemlstw @ Shared under a Creative Commons BY-NC-ND 4.0 International license. @©@@
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HELIUM

He

4.0026

UNITED STATES | 75120,600

2012 RESERVE WITHDRAWALS:
60 million m*

GAS — 2" most abundant element of the Universe,
but very rare on Earth, where it escapes from
(0.0005% of the volume of the atmosphere)

Main source: natural gas wells (from nuclear decay)

aussAlo g0t US has been always the
dominant world
market player, through
its Federal Helium
Reserve in Texas
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Nature 2013, 497, 168
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HELIUM: Absolutely unique physical properties

helium Boiling point:  -268,93 ° C (4.22 K)
2 Melting point: -272,20° C(0.94 K)

Below 2K, it enters a superfluid state with no apparent
H e viscosity and extremely high thermal conductivity.
4.0026 Perfect for extreme cryogenic uses

Leak detection
4% \

Chromatography/
lifting gas/
heat transfer
12%

Breathing mixtures ~Demand soaring, supply decreasing

- Price 2012: 7 $/L : Price 2015: 17 $/L

Criggenics BIG problem in many
research labs and

technological facilities

e around the world
22%

Welding —
17%

Pressure/purge
17%

Chem. Eng. News 2015, July 27
Chem. Eng. News 2013, Sept. 16
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LITHIUM

METAL - very unstable in air and water.
Major producers: Australia, Chile and China.
Estimated world reserves: 13.5 Mton

M
‘ The largest resource
L8 oo

in the world:
Y@ salar de Uyuni, Bolivia
10,000 km?
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LITHIUM: demand projected to explode

The lightest solid metal with the highest
electrochemical potential: high gravimetric and
volumetric energy and power density

IDEAL FOR BATTERIES

Cars sold per year worldwide: 70 millions
If electric : = 700 000 ton of Li required

Current Li world production: 36 000 ton/y
(USGS, 2014)

Lithium is also needed for portable devices, ceramics,

lubricants, alloys and ... Tritium (nuclear fusion).
RECYCLING WILL BE CRUCIAL (not difficult)
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INDIUM

49 METAL — soft and stable in air and water. Major
In producers: China, South Korea and Japan.

'ﬂﬂig?a‘ Estimated reserves: unknown (USGS, 2015)

Relatively useless until 20 years ago, then ...

Indium world production

0 | |
1970 1980 1990 2000 2010 2020

Year

Indium Tin Oxide (ITO)
Transparent, conductor, binds strongly to glass
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MINERAL ORES

Cobalt Arsenides
Cobsaltite {{Co,Felfss]

13 kt

Nicke| sulfide ore
Pertlandite [|Mi,FelySa), millermes |Mis),
nickeling [MiAs]

Mickel oxides and silicates
Mickeliferrouslimonite | Fe, NipO(OH]|,
garnierite {[Ni, MghS,0[0H],)

Platinum sulfide and arsenides
Ferroplatinum (P1Fe], Coaperite
|iPe P MIIE), Sperrgdite (PLis;|

4561

Maolybdenum sulfides
kokbdenite (Mas;)

Copper sulfide minerals
chalcapyrite (CuFes;), chaloogite (Cua5),
carrolite (CuCo,Mi);S,), bomite
[CuFes,), enargite |CuyAss.)

Copper oaides and carbonates
puprite [Cud),
malachite (Cu0Dy CufOH):],
. 5 . m

Zint sulfide ares
sphalerite (Zn5], smithsonite {ZrC0,)

hemimarphite (Hy Zn 5000

Dither saurce of 2ing

8,900 kz

1 7,300 kt

Aluminum oxides
Baute (AINOH].)
Niohium oxides

pyrochlone [|Ma,Caly M by Oy OH,FI)
Tin cobdes
casaiterite [5al;]

Tantalum axides
taralite [{Fe,Mnl(Ta, Nb))

Irom oaides
magnatite [Faslh,), ematite [Fe0.,
goathite (FaD|OH]), limanite
{Fed{OH}nH A0

Rare earth fluorocarbonates
bastnbsive [{Ca,Lajl0yF|

Rare earth phasphates
mianazited[Ce,La, Nd, ThiPO,),
waratime (YPO,)

12 kx

Rare earth ion adsorption clay

“ATTRACTOR”
METALS

Nickel | 24kt

% 1,450kt
+ 350 kt

Ba!.ETFEM
A67 L+ 2221

Platinum |
192 t+ 571t

Palladium
202t+ 158+t

33 kt

¥ 16,200 kt

Copper ]
+ 4, B0 ket

Zinc

B,400 kt =il

+ 3,600 ki

Aluminum
+= 28,150 kt
+ 13,250 kt

Tin -
260 kt + 14 kt

Total REM
113,900 ¢
Lanthanum
33,311t
Cerium
36,6651
Neodymium
21,6161
Wetrium
10,6361t

BYPRODUCTS

Cobalt
83 kt

Ahodium
G+ T

Ruthenium
15t

¥

Iricliarm
7t
Osmium
it
[ Molybdenum
221 kt

g

Rhenium
46t
Tellurium
475 t
Selenium
3,250 kt
Germanium
Bat+ 351

-
S74t
Gallium
I6t+55¢

Miobium
63 kt

102 ¢

Tantalum
| PTRt+ 2361 |

Praseodymium
A 7.ETAr

Samanum
555 ¢t

Eurapium
404 t

k|

Gadalinum
] 699 t
| Terbium
428 t
“J Dysprosium
1,203t
'-‘. Dthers
509t

Environ. Sci. Technol. 2013, 47, 2939
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INDIUM IS
NOT OBTAINED DIRECTLY

ATTRACTOR METALS
(Pt, Pd, Cu, Zn, Al, Sn, La, Ce, Nd, Y)

“HITCHHIKERS”
(Co, Rh, Ru, Ir, Os, Mo, Re,
Te, Se, Ge, In, Ga, Nb, Ta, heavy
rare earth elements)

Price volatility,

risk of uncontrolled
supply disruptions




RARE EARTH ELEMENTS (REE)

= Period

Group

21

Sc

39

57
La

1389

' Nonmetals

Alkali metals
Alkaline Earth metals
Transition elements

Other metals

Metalloids
Halogenes
Noble gases
Lanthanides

Actinides

59 60 61
Prr Nd Pm Sm Eu

1409 1442 (147)

63 64 65 66
Gd Tb Dy Ho

152 157.3 1589 162.5

Tm Yb Lu

18

Unique
MAGNETIC
PHOSPHORESCENT

OPTICAL
CATALYTIC
properties

14 “LANTHANIDES” (no Pm) + Scand Y
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RELATIVE CONCENTRATION OF ELEMENTS
(upper continental crust)

Abundance, atoms of element per 10° atoms of Si

—
=
]

Rock-forming

elements
major

103k

Rare earth elements
Major industrial metals

u Precious metals

|
u
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= Mo 5 e
i ({52 TmHe Y ¥,
e AQ In
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Pd Re
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Relative abundance of

the chemical elementsin -
Earth’s upper continental crust -
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Atomic number, £

Light REE: Sc, La, Ce, Pr, Nd, Pm, Sm, Eu

REE ARE
NOT SO RARE
BUT ARE RARELY
CONCENTRATED

ENOUGH TO SUPPORT
ECONOMICALLY
CONVENIENT
RECOVERY

Heavy REE: Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu e Typically more rare
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REE: CRUCIAL FOR A NUMBER OF APPLICATIONS

=LED
=LCD

=Lasers

—Energy efficientlightning

—Plasma displays

—Water treatment
=Pigments
~Fertilizer

=Nuclear technology
—Defense

- OO0

nd e sm e @O

—Motors and generators
Wind turbines
Electric vehicles
Hybrid vehicles

=Hard disks

=MRI

=Speakers

—Magnetic cooling

La Ce Pr Nd sm 5

—Automotive catalysts
=Catalystsin refining

=Catalyst in chemical processing
—Diesel additive

=Alloys for steel amd iron casting
=Super alloys

=Flint ignition devices

=Fuel cells

=H,-storage

—Light weight construction

Ce La » m@)

Catalysts

Glass, Polishing,
Ceramics

CeLlowm

—Polishing Compounds
—(Diskoloring agentsin glass
~Stabilizer in ceramics
—Ceramic capacitors

=UV absorption

ChemSusChem 2013, 6, 2045

REE IN SMARTPHONES

Yttrium Lanthanum Praseodymium -Neogdgmium Eurepium Gadolinidm Terbium Dysprosiom.

Colour Screen Phone Circuitry
L ]

1 U
[

http://www.rareelementresources.com
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— PRODUCTION IN METRIC TONS —

[

REE: THE CHINESE SUPPLY MONOPOLY

HISTORICAL AND PROJECTED GLOBAL PRODUCTION
OF RARE EARTH ELEMENTS (1950-2014)

Chem. Eng. News
2015, July 27, p. 36

No good news
from U.S.

BUSINESS

THE STRUGGLE TO
MINE RARE EARTHS

Molycorp faces operating and financial hurdles
at the D‘Iﬂy U.S. RARE-EARTH MINE
MELODY M. BOMGARDNER, C&EN WEST COAST NEWS BUREAL

AS TWO FULL TOUR BUSES arrivedat
Molycorp's rare-earth mine in Mountain
Pass, Calif, late last month, thickcloudscast
merciful shadeonthehigh desert. The mine
is located about anhour southwest of Las
Vegas, where the temperature was expected
toreach 10°F. Yet,a more ominous shadow
lurked over the event: Four days earier, Mo-
Iyeorp had filed for Chapter 1 bankruptey.
The visitors were greeted by Jim Sims,
Molycorp's head of communications. “The
timing of this eventis a little srange,” he
acknowledged, “but we are operational.”
The state of operations atthe mine is of
great interest not just to Molycorp's credi-

tors but also to mamifacturers of products
that contain rare earcths suchas electric ve-
hicles, electronics, wind turbines, lighting,
and batteries. Today, go% of theworld's
rare earths are producedin China Itwould
be closer to 100% but for Molycorp's out-
putof cerium, lanthanum, neodymium,
and praseodymium oxides and carbonates.
China's near-monopoly gained wide-
spread attention in zo10 when the country
lowered export quotas for rare earths, cans-
ing pricestoskyrocket. Starting in2o12,
however, prices began to decline. In May,
China did away with the quotas following a
ruling from the World Trade Organization.

Nicola Armaroli, CNR, Italy — Protecting Endangered Elements, EuCheMS , Brussels, Sept. 22, 2015

RINSE AND REPEAT To produce
rare earths from mined ore,
Molycorp has invested millions
of dollars indownstream
processing units.

The price run-up spurred calls for
development of rare earths from mines
outside of China—in particular the Moun-
tain Pass mine. But mining companies are
now caught ina bind: They are working
toincrease ourput ata time when lower
prices make itextremely difficultto urna
profit. Looking ahead, Molycorp will need
toboth increase production and obtain
higher—aor at least stable—prices to sur-
vive, goals that can be mutually exclusive
intoday's market, experts say.



ENDANGERED ELEMENTS
AND THE TRANSITION
TO A SUN-POWERED WORLD

Nicola Armaroli and Vincenzo Balzani @ WILEY-VCH . <o s
e Nicola Armaroli, Vincenzo Balzani, Nick Serpone

Energy for a Powering
Sustainable World Planet Earth

Energy Solutions for the Future

From the Oil Age to a Sun-Powered Future
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FOR USING SOLAR ENERGY WE NEED PHOTONS ...
... AND ATOMS (i.e., CHEMICAL ELEMENTS)

We need CONVERTERS of solar energy,
made of “terrestrial” materials, which

are available in limited supply

Photons are an overabundant
“extraterrestrial” input
amounting to THOUSANDS

of times our needs
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RARE ELEMENTS IN RENEWABLE AND EFFICIENT
ENERGY TECHNOLOGIES

THIN FILM
PV PANELS:

Indium, Gallium,
Tellurium

Neodymium, Praseodymium,
Dysprosium

- Neodymium, Praseodymium
Dysprosium ) o Europium, Terbium,
- Lanthanum, Cerium; Lithium, Cobalt, . .
Yttrium, Cerium
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LIGHTING EFFICIENCY COMES AT A PRICE

LE D (a) CFL Bulb Driver

INC. CFL B

(b) LED Bulb Driver

60 W 10 W

1200 h 10000 h
25000 h

170 & ‘ METAL CONTENT

Environ. Sci. Technol. 2013, 47, 1040

Nicola Armaroli, CNR, Italy — Protecting Endangered Elements, EuCheMS , Brussels, Sept. 22, 2015



THERE ARE ALSO ENVIRONMENTAL AND SOCIAL COSTS

REE tailings pond
near Baotou, China

TIME
15 Sept 2015

.' Bingham Canyon Cu Mine
Utah, USA
(4 km wide, 1 km deep)

Nicola Armaroli, CNR, Italy — Protecting Endangered Elements, EuCheMS , Brussels, Sept. 22, 2015
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REPLACEMENT? NOT OFTEN POSSIBLE YET

H He
THE PERIODIC TABLE OF
Li B B C N 0 F Ne
a B SUBSTITUTE PERFORMANCE a
Na Al Si P S cl Ar
OF METALS JE
K Ca Sc Ti " Cr Fe Co Ni Cu Zn Ga Ge As Se Br Kr
65 63 63 76 57 54 62 70 g 38 a4 38 a7
Rb Sr Zr Nb Mo Tc Ru Pd Ag Ccd In Sn Sb Te | Xe
78 66 42 70 63 39 a4 38 60 36 57 38
Cs Ba Hf Ta w Os Ir Pt Au Hg Bi Po At Rn
63 ' 38 a 53 38 69 66 40 45 46
Fr Ra Rf Db Sg Bh Hs Mt Ds Rg Cn Uut Fl Uup Lv Uus Uuo
La Ce Pr Nd Pm Sm Gd Tb Ho Er Lu
*tanthanides 75 60 a1 a1 38 63 63 63 63 63
Ac Th Pa U Np Pu Am Cm Bk cf Es Fm md No Lr
** Actinides 35 63

Substitute Performance

Excellent 00 | o 0 o 0 51 1o | [N Poor

0 10 20 30 40 50 60 70 BO 90 100

0 : exemplary substitutes exist for all major uses

Proc. Natl. Acad. Sci. USA 2015, 112, 6295
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AN EXAMPLE FROM OUR LAB AT CNR, Bologna

Application: flat lighting
sources (OLEDs, LECs)

Standard materials:
Ir(l1l) metal complexes

PFg

- -TUNABLE
- STABLE

Alternative materials:
Cu(l) metal complexes

Q\QQQ NOT COMPARABLY

R
L TUNABLE AND STABLE

S

BF 4
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AND EUROPE?
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Large use, no stock: the case of ALUMINUM

IN USE

Al stocks in use
[kgicapita]

[ )
010 .
10-100 "'-. -. *"'-5‘ 90 kg/caplta
| e '_vsz:f _5-__=-
| 100-200 “Venezigla : : g
- 200-400 b-\.:_f__‘.b.ﬂra;i] r.-_: ’:_“:I:'- ._,': oy -a-...-_"___,s gy s .I:“. "
B 00600 'E;F Snutﬁ :&?ﬁca' : A ,
Argentina
I - s00 Global Al stocks in use: v S
é. - 0.6 Gt or 90 kg/capita.

: 5T

RESERVES
IN BAUXITE

. 900 kg /capita

|
Al stocks in hnuxil:é
[ticapita] \

0-1
| 1-10
B 10-100
B 100-200
. 200
N

~ Global Al stocks in bauxite reserves:
6.0 Gt or 0.9t/capita

-

e M

K
Environ. Sci. Technol. 2013, 47, 4882
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EU IMPORT OF METALS

%

100
90
80

70
60

0 WE ALMOST TOTALLY
o DEPEND ON IMPORTS

30
20

10

Material Resources and Waste — Update 2012, EEA 2012
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THE SCIENCE FICTION ONE:
MINING ASTEROIDS

CONCENTRATION (ppb)
Earth Asteroids

78

Pt 5 1400

Platinum
195.08

77

Ir 1 760

Iridium
192.22

46

Pd 15 870

Photo Credit: National Geographic Faladug

79

This in NOT an option! 7,

Gold
196.967

4 215
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THE REAL ONE: RECYCLING

2

H

RATE OF RECYCLING | b
F N

OF METALS | F N
Cl Ar

23 24 25 26 27 35 36
Cr Mn Fe Co ' Br Kr

41 | 42 EEKEEEYE 45 53 54
Nb Tc | Ru @iy [ Xe
73 EM 75 76 77 85 86
W B:E At Rn
(117) | 118

(Uus) | Uuo

** Actinides | 89| 90 | 91 | 92 | 93 | 94 | 95 | 96 | 97 | 98 | 99 | 100 | 101 | 102| 103
Ac| Th |Pa| U |[Np | Pu|Am | Cm| Bk | Cf | Es | Fm | Md | No Lr
B <1 [Ji110% [ ]>1025% [>2550% [ >50%

Science
2012, 337,690

Present recycling rates are TOTALLY unacceptable
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A (VERY) TENTATIVE ROADMAP

5-10 years

- Increase public awareness
on Earth’s material constraints

- Improve collecting policies

- Lobbying for more stringent
regulations on material contents
and recycling and ... information

RESEARCH
- Reduce the number of elements
in, e.g., electronic devices

- Reduce mixing of elements to
enhance traceability

- Enable standardized
disassembly protocols

10-30 years

- Waste collection > 90% worldwide

- A reliable world inventory of
recoverable mineral resources

- International agreements on fair
use and exploitation of
mineral resources to prevent
resource wars

RESEARCH
- Find adequate replacements
for any applications
- Reduce energy consumption of
recycling by at least 50%
- Target a standard > 80%
recycling rate

Nicola Armaroli, CNR, Italy — Protecting Endangered Elements, EuCheMS , Brussels, Sept. 22, 2015



SUMMARY

There is only one relevant and utterly abundant
(extraterrestrial) resource for planet Earth: solar radiation

On the contrary, all kinds of materials must be obtained from
planet Earth, a sort of spaceship with limited resources in its hold

Criticality of elements is dictated by (1) natural availability,
(2) environmental implications, (3) vulnerability to supply risk

We need to develop recycling protocols at all levels and for any
products, in order to secure the availability of chemical elements
and hence the quality of life of human beings on the long term

WARNING. The 2nd Principle works against us and, sometimes,

recycling may become downcycling with materials being used for
lower-grade applications

Nicola Armaroli, CNR, Italy — Protecting Endangered Elements, EuCheMS , Brussels, Sept. 22, 2015



A FINAL CONSIDERATION

el mm e b = B

85% of chemical elements
were discovered in Europe, so ...

Nicola Armaroli, CNR, Italy — Protecting Endangered Elements, EuCheMS , Brussels, Sept. 22, 2015
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