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Les produits sont de plus en plus
complexes et contiennent des
métaux de plus en plus nombreux

Eléments métalliques utilisés dans les produits

In order to face up the world demand, we
must extract metals (and more generally
raw materials) contained in more and
more complex ores from mining and
urban mining

Chimie Paris
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We must develop new processes to recycle spent
material in a sake of sustainability and to secure raw
material but there are several challenges...

Challenges in Recycle

A good opportunity to diversify the supply of
raw materials

Challenges:

Transform small-scale industry to
autonomous and profitable large-scale
industry

Develop efficient and profitable processes
Improve the recovery of spent materials
(WEEE, plastics, batteries, etc.)

ParisTech

Li battery recycling - April, 6th 2016, Gotteborg (Sweden)



Chimie Paris

il

ParisTech

Li battery recycling - April, 6th 2016, Gotteborg (Sweden) 6



Therefore, recycling appears as a good opportunity to secure raw materials.
However, Secondary resources will never replace primary resources !!
Each stage of the value chain of the product must be optimized...

PYRO AND HYDROMETALLURGICAL PROCESSES WERE INITIALLY DEVELOPPED FOR
PRIMARY RESOURCES... THESE PROCESSES MUST BE ADAPTED TO SECONDARY
RESSOURCES AND NEW COMPLEX ORES BY REDUCING PROCESSES COSTS AND

ENVIRONMENTAL FOOTPRINT
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Lithium-ion batteries Recycling

1. Why to recycle?
2. How to recycle?

3. Conclusion
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1. Why to recycle?

a) Economic reasons

Electric vehicle feet is expected to I Lithium batteries production
significantly increase will follow the electric vehicle production
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Energy Policy 73 (2014) 147-157 Renewable and Sustainable Energy Reviews 21 (2013) 190-203
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Components $/EV battery Cost breakdown

Cell Components Cathode 1,663
Anode 477 3%
Electrolyte 447 3%
Copper foil 184 1%
Separator 608 4%
Can header and terminals 1,050 6%
Other materials 375 2%
Total material 4,803 29%
Cells Labor for cell manufacturing 2,586 16%
Total cell 7,390 45%
Electronics Mechanical components 2,053 12%
Electrical Components 299 2%
Electronics (battery mgmt. system) 1,381 8%
Total Electronics 3,733 22%
Packs Labor for pack manufacturing 268 2% e
Total Packs 11,390 69% @
Warranty 228 1% ParisTech
Gross Profit 4,979 30%
Total Cost 16,596 100%

Source: Lithium-ion Batteries for Electric Vehicles: THE U.S. VALUE CHAIN (oct 2010)
Li battery recycling - April, 6th 2016, Gotteborg (Sweden) 10



b) Geopolitical reasons

Where is Lithium?
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c) Regulations

Directive 2006/66/EC of the European Parliament and of the Council of 6 September
2006 on batteries and accumulators and waste batteries and accumulators

d) Sustainability
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We must think about:

2. How to recycle?

Developing efficient, cheap
and sustainable processes
to recover valuable
materials from spent
batteries

These processes must be
able to adapt to the large
variety of technologies

Manufacturing

imie Paris

Processes must be
developed by thinking
about the whole value
chain (the process depends
on what happens before
and after the recycling
stage

0

arisTech

Distrbution
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2.1. Valuable components to recycle

Discharge

Recycling

I SN, .
.
Li-xMC

| MIM H.E'D,Ni ParisTech
Electrolyte ) Separator

#Electron and Li-ion move reversely at charging

Li battery recycling - April, 6th 2016, Gotteborg (Sweden) 15



In 2030 -2040

Next generation batteries Nanotechnology toincrease
battery safety and battery

performance

(Li-Air, Mg ion battery)

030 ﬁ * Nano-sized anode/cathode with higher
n .

power density

* Nano-sized anode/cathode with higher
energy density

* Nano-sized anode/cathode to increase
battery charging speed

* Nanomaterials to increase electric
conductivity of anode and cathode

(ex. CNT)

* Nanomaterials to increase thermal
stability

* Nanotechnology to overcome adverse
conditions

* Nanomaterial property and size control
technology

* Nanomaterial evaluation technology

Lithium ol

Printing
separator

Silicate,

inflammable

metal, CNT :
solution

Sodium

In2020
Tinand
silicon
alloy, non-
graphite
carbon

Olivine
fluoride,
vanadium
oxide

— ==

In 2010
.

Graphite
.

Source: Lithium-ion Batteries for Electric Vehicles: THE U.S. VALUE CHAIN (oct 2010)

Solid
polymer
electrolyte

Inflammable
separator

Organic Polyethylene/
solution polypropylene

Higher power, energy and safety
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Large variety of technologies in constant evolution... the

process must adapt
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m Refractory and Crucibles

m Steel Making
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NEGATIVE ELECTRODE = Graphite today
and in the near future (cost=3%)

Prices have more

Price Range for +80 mesh, 94-97%C graphite (US$/tonne)

than doubled since

il 2006
| $1,500 per tonne

$700 per tonne

2004 2005 2006 2007 2008 2009 2010 2011 2012

—Low High

Today, 5% of graphite is used in
LiBs

Tomorrow, this percentage will
grow: 1.1 million tonnes currently
being brought to market will no

longer be enough to face electric
vehicle market.

ParisTech
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Récycﬁng

—> Substitute natural graphite by artificial graphite produced from natural

NEGATIVE ELECTRODE = Graphite today

and in the near future (cost=3%)

Graphite Producers by Country

Other

w | China has

“mmonopoly

carboneous materials

—> Recycling graphite from Lithium-ion batteries

Soft carbon
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Hard carbon
(cannot form graphit
at T > 2000°C)
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in almost the same direction ==

W
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NEGATIVE ELECTRODE = Graphite today
and in the near future (Cost=3%)

Récycﬁng

There is only few researches on graphite recycling and industrial processes
for LiBs recycling do not recycle graphite

We must develop efficient processes capable to recycle graphite that can
be used in other applications or in lithium-ion batteries (quality of graphite?)

We must also develop negative electrodes based on the use of artificial

Chimie Paris

graphite and increase the variety of negative electrode technologies (silicone?) NN

ParisTech
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POSITIVE ELECTRODE (Cost=10%)

Lithium battery

v

Deep discharge

'

Dismantling —— Electronic, steel shell, plastics

|

Distillation | Solvent
under vacuum |——— 53|t

|

Binder [——= Cu
solubilization |=—> A|

v

Grinding
Leaching _ CEniDeEis
! Solvent extraction =
Purification/separation _l lon exchange resin ParisTech

(Solvent extraction, precipitation) Precipitation
Salt or Metal (electrowinning)
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Spent LIBs Cells
v

L Discharging & Physical Separation J

J’ Catfwde J/
Plastic & Metal Casing \L : A fde

Recycle ' Crushing & NMP graphite Co;{/per Sheet@‘
100°C for1 h o
Recycle

A d’ \L
E & Aluminum Sheet Active Materials

Recyele \L \L

Filtration & ’ .
LiCoO,& Co;0
C & PYDF Calcination, 7000C for5 h ? | 3T

Burn out \L

. Grinding for2h |

%®
B

L

Environmental
Chemical Cobalt & Lithium
solution
leaching reactor =% )
Chimie Paris

®)

ParisTech

Many flow sheets based on different chemistry are available in the

literature




ELECTROLYTE (Cost=3%)

R;cycﬁng

Electrolyte = Lithium salts (high grade)+organic solvents

W?q_,_rjd Lithium Resources and Re;e_rves in Tons

ST EESTR N, CANADA -
A N NNN o Reserves . B
450.000 41 U UUU ton neS L ral 1?‘ //“”] 000 PORTUGA! A et
) \ CU/T0 1000 PORTUGAL g
1 e o Reserves ) ot
g o UNITED STATES —— NA 4 S CHINA
= ; - —
£ 350000 Reserves on b " Pk ) Reserves
£ 3,000 e L sanom
g seocoo Reshurces - - Resources
T 250,000 2.5M : . v : 4 o 25M
E } BOLIVIA mAZL
E 200.000 Inv Resources : / Hiies iIHB.ﬁEWE
= A M 190,000 ; esarves
E 150.000 \ ’ 23,000
z A A g AUSTRALIA
£ 100.000 F—
£ r \'\ ’ wv CHILE——— ARGENTINA Reserves
50.000 A Reserves B Husares 580,000
A | Tk I 800,000
0 ' ' ' ' ' ?ess';ur:es 1 Resources Source: U.S. Geological Survey,
1520 1540 1960 1980 2000 2020 2 b L5M Mineral Commodity Summaries, Janvary 2010
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ELECTROLYTE (Cost=3%)

Spent electrolyte

Water >l

Recyclin
Y 8 Electrolyte+Water
Na,PO, Solid Lithium
phosphate
Aq
Pyridine > > Pyridinium,PF,- —> — PFg
- @
H3PO4+NaCI Phas; Separation S Aqueous phase
1>2 M ‘
Org
2
Mixture of organic solvents =
.‘

ParisTech

Separation \Lby distillation

|

Solvent 1 Solvent 2 Solvent 3
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2.2. Recycling processes

General Flow sheet in hydro- and pyro-metallurqgy

Lithium-ion battery

v

Deep discharge

v

Dismantling |me— E|cctronic-steel shell, plastics

¢ Q\ - Eco-design

" 5
Grinding How to decrease the cost® _New technologies
¢ Chimie Paris
000
ParisTech
= How to separate efficiently - Improving efficiency
in an economic and sustainable way? - Reducing effluents
- Eco-design
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AdNTSSY

POSITIVE ELECTRODE

NEGATIVE ELECTRODE

Active Material  Conductive agent Binder

Battery
Manufacturing

DSIMANTLING FOR

Chimie Paris

an

ParisTech

Battery assembly process

Source: Gaines, 90th Annual Meeting of the Transportation Research Board (Janv 2011)
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Lithium-ion battery

v

Deep discharge

v

Dismantling

Electronic-steel shell, plastics

VR

Grinding How to decrease the cost?

- Eco-design
- New technologies

¥

emical and physical separation

c How to separate efficiently
in an economic and sustainable way?

==

. Chimie Paris

- Improving efficiency SAAA
- Reducing effluents
- Eco-design

ParisTech
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2.2.1. Pyrometallurgical processes for LiB recycling

Umicore recycling process

- Plastics, electrolyte solvents, and

carbon electrodes are burned in the
0 0r e — smelter (carbon = reducing agent
e and heat fuels the smelter).

-n”

cleaning: 2 bag filie

- Co and Ni are the main products; Fe
can be recovered as well

sty - Al and Li go to the slag for low-
value uses.
I 1 - 93% recovery rate for Li-ion

Ni{OH), LiMed,

batteries (metals 69%, carbon 10%,

l
I h w H
et Bt b v o plastics 15%), but a much smaller
Construction materials hatteries ch

percentage actually comes out as
usable high-value material.
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Detailed in the Umicore recycling process

Stack gases
Gas cleanin —
) g
Potential
Dismantled recovery for
Lithium lon Slag including Li use in
Batteries Sincliay cement el
—> .
1400°C Alloy: Co, Cu, Ni, Fe
>
Air
Limestone Leaching 1 » Leaching 2 > ES:)Ive:t CoCl, o
Natural Gas xtraction » Oxidation €————
Sand Oxidizing
Slag " " ' Agent
Cu Fe . . C0304
Nito Ni{OH). v Chimie Paris
‘ Firir:g . o
Li,CO4 900°C LiCoO, ParisTech
Natural Gas
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How to recycle?
2.2.2. Hydrometallurgical processes for LiB recycling

Lithium battery

v

Deep discharge

l

Dismantling —— Electronic, steel shell, plastics

|

Distillation |—— Solvent
under vacuum |e——> 53|t

!

Binder [——=> Cu
solubilization |=——— A|

v

Grinding
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BATMIX Process

Inlet: Mixture of different battery technologies
(Zn-Mn0O2, NiCd, NiMH, NiCo from Li batteries)

Spent portable

—>

—>

batteries
ZnMn ] NiCo
Sorting
A 4 1
Physical Plastic i Physical
Processing Scrap ! Processing
i
v : A
H,S04(aq) . i H,S04(aq) .
— 3| Leaching 1 ——p Leaching
1
1
i
v ! A
. Insolubles, ' .
Neutralization i Neutralization
I Fe pp. i T
Purification i Purification
1
|
\ 4 | Y
) Zn ! o ]
Zn Extraction [ ' 1™ Extraction
product ' -
and Recovery ! circuit (RE)
:
1
\ 4 ! ¥
Mn ! nd .
Mn Recovery |— ! 2" Extraction
product i circuit (Cd,Mn)
1
i

A

Nickel and Lithiuim for
further processiri1g

3" Extraction
circuit (Co)
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Plastic and
Ferrous
Scrap

Insolubles,
Fe pp.

Rare-earths
product

Cd-Mn for
further proces.

Cobalt
product

Sieving (polymer/ferrous scrap
separated from electrode
materials (disaggregated=small)

Jarosite or goethite

D2EHPA -
pH
D2EHPA Phase volume ratio
ParisTech
Cyanex 272 PH

Phase volume ratio
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TOXCO Process

Scrubber Air Emissions
and Filter |

f - Battery pack is discharged
ateres for safety reasons
—»| Shredder » Hammermill —» Filter Tank _ COI‘]tI"Ol CirCUitS are
pnode, Lsrine| Beposter | removed and tested for
Cathode Tank Array .
Material | possible reuse
- Wires and some other
Shaker Carbon Soda Ash
Table Filter Press Midng Tank 4———— metals are removed for
j l l i recycling
Wastewater - Packs are disassembled
Mixed Cu/Co Mixed Metal Filter Press —>» . .
Plastics Al Orides and - A series of mechanical
luzcm processes are used to
reduce the size of the cell
- Recycling process is mainly mechanical and chemical materials
- Minimum emissions and energy consumption (low - Products=copper cobalt
temperature) and lithium carbonate

- 60% of the pack materials can be recycled, and a
further 10% reused.
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ECOBAT Process

_i Treat I”é‘— Separate < Pulverize

~ S

Extract, or -

EcoBat Process l

|

;’{di Alloy/ Metals:\ \ P Y
[ Transition metal | y Y
| oxides | / NiMH or Li-ion '\
| Plastics | | Battery \
\\Electrolyte //-—Bg‘

N 4

- Minimal energy use (no high-temperature processing)

- Many of the process details are proprietary, and so cannot be specified here.

- Electrolyte recovery using supercritical CO, for salt reuse.

- Separation processes based on surface properties and solubility.

- Over 80% of the material is actually recycled to useful products with potential value of

the recovered materials quite high.

- Experimental results are excellent for both cobalt and phosphate cathodes.
- Processing a mixed feed would require additional separation steps to yield high-quality

final products.
- Issue: scaling up this process.
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3. CONCLUSION

Most of the processes are pyrometallurgical processes
but there is no doubt that hydrometallurgical
processes will be more sustainable and efficient to
produce high-grade products

However, the best compromise is to combine hydro-
and pyro-metallurgical processes to achieve the best

performances (pyro-pretreatment)

Li battery recycling - April, 6th 2016, Gotteborg (Sweden)
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Integrated view of the chain value
Recycling process must be viewed as a part of the chain value

Managing spent LiB at the end of life
from the user to the mechanic

Eco-design the materials and the batteries ‘

Supporting the development of technologies
based on the use of alternative materials
instead of Li, Co, Ni and graphite based
materials

Li battery recycling - April, 6th 2016, Gotteborg (Sweden) 34
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New processes capable to process
various types of streams and capable
to anticipation future technologies

Be able to face up the volatility of raw
materials price by making innovation
for reducing the recycling cost

__—_———___— Recycling cost

Chimie Paris

INNOVATION i
W Production cost N
2004 2006 2008 2010 2012 2016 ' Years
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Decrease recycling price by getting
easier the dismantlement

29 robots over 30 meters to disassemble 40 iphones at the
same time within 11 seconds
— Capacity=2.4 million iphones a year

ParisTech



If you are interested by Lithium batteries, lithium batteries
recycling and e-wastes recycling...
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