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CIRCULAR ECONOMY BUTTERFLY DIAGRAM
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1 Hunting and fishing

2 Can take both post-harvest and post-consumer waste as an input
SOURCE: Ellen MacArthur Foundation - ELLEN:MACARTHUR FOUNDATION
Adapted from the Cradle to Cradle Design Protocol by Braungart & McDonough
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MATERIAL RECYCLING — WHY ?
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LA FACE CACHEE DE LA TRANSITION ENERGETIQUE ET NUMERIQUE )|

PREFACE D’HUBERT VEDRINE

« Une formidable enquete. »
« A lire absolument. »

« Un livre edifiant. »

LLL LES LIENS QUI LIBERENT

Il faut purifier huit tonnes et demi de roche
pour produire un kilo de vanadium, seize
tonnes pour un kilo de cérium, cinquante
tonnes pour l’équivalent en gallium, et le
chiffre ahurissant de mille deux cents tonnes
pour un malheureux kilo d’'un métal encore
plus rare, le lutécium. (...) La seule fabrication
d’une puce de deux grammes implique le rejet
de deux kilogrammes de matériaux environ,
soit un ratio de 1 a 1000 entre la matiere
produite et les déchets générés.

... nous allons consommer davantage de
minerais durant la prochaine génération
qu’au cours des 70000 derniéres années, c’est-
a-dire des deux mille cinq cent générations qui
nous ont précédés. Nos 7,5 milliards de
contemporains vont absorber plus de
ressources minérales que les 108 milliards
d’humains que la Terre a portés jusqu’a ce
jour.
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OUTLINE

| - A BRIEF INTRODUCTION TO SUB- AND SUPERCRITICAL FLUIDS

Il - DIRECT RECYCLING OF BATTERIES
USING PRESSURIZED CARBON DIOXIDE

Key words « Battery(ies) » & « Recycling »
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A BRIEF INTRODUCTION
TO SUB- AND SUPERCRITICAL FLUIDS
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SUPERCRITICAL FLUIDS ?

Pressure

>

Temperature
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SUPERCRITICAL FLUIDS

Which ones?

Fluids T, (°C) p. (MPa) p. (kg.m3)
=) CO, 31.0 7.38 468
) H,0 374.0 22.10 322
) NH, 132.4 11.1 235
CH,CH, 32.4 4.88 207
CH,CH,CH, 96.8 4.25 221
®)| CH,(CH,),CH, 234 2.90 233
) CH,OH 240 8.00 272
) CH,CH,OH 243 6.39 276
)| (CH,),CHOH 235.6 5.37 274
=) CH,COCH, 235.0 4.76 278

Supercritical Fluids and Materials — ISBN 2-905267-55-0, 2007 — Institut National Polytechnique de Lorraine, Vandoeuvre,

Eds C. Aymonier, F. Cansell, O. Fouassier.
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SUPERCRITICAL CO, 1" 5
Extraction </E | \(

4
HaC

1¢" industrial development: extraction of cafein

Figure 1.1 Extraction vessels used in the Maxwell House Coffee Company super-
critical CO, decaffeination plant in Houston, Texas.
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SUPERCRITICAL CARBON DIOXIDE
Specific properties
31°C — 73.8 bar

Gas-Liquid

=

3-didecyloxyanthracene (DDOA)

F. Cansell, C. Aymonier, A. Loppinet-Serani, Curr. Opin. Solid State Mater. Sci. 7 2003 331. FR2413709, 2024
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SUPERCRITICAL WATER
Specific properties
374°C - 221 bar
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T. Voisin, A. Erriguible, D. Ballenghien, D. Mateos, A. Kunegel, F. Cansell, C. Aymonier, Solubility of inorganic salts in supercritical hydrothermal
environment, J. Supercrit. Fluids, 2017, 120, 18-31.
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A NEW OPPORTUNITY FOR THE CONTINUOUS SUPERCRITICAL
HYDRO-/SOLVOTHERMAL SYNTHESIS

THE CONTINUOUS PRODUCTION OF SYNTHETIC
PHYLLOSILICATES AND IONOSILICATES

Angew. Chem. Int. Ed., 2016, 55 (34), 9795-10149.
Angew. Chem. Int. Ed., 2017, 56, 1-6.
ChemNanoMat, 2017, 3, 614-619.

Chem. Eur. J., 2018, 24, 519-542. R
J. Supercrit. Fluids, 2018, 134, 184-196. 47ge'gfngﬁfmie
J. Flow Chem., 2018, 8(2), 89-95. | "™ o g
, Clay Minerals, 2018, 53(3), 497-503.
Supér J. Geochem. Explor., 2019, 200, 27-36.
-critical Chem. Eur. J., 2019, 25, 5814 — 5823.
ATER Chem. Eur. J., 2021, 27(44), 11309-11318.
ACS Sust. Chem. Eng., 2021, 9, 49, 16597-16605.
Chem. Soc. Rev., 2022, 51(11), 4828-4866.
J. Mater. Civ. Eng., 2022, 34(12), 04022329 (10p).
ACS Sust. Chem. Eng., 2024, 12, 5, 1911-1917. ey

11 patents — 2 licensings

Coll. F. Martin (GET, Toulouse), F. Jouffret & C. Careme (IMERYS),
J.S. Dolado (CFM, San Sebastian)

& Green Concrete

Cross-Border Collaborative Laboratory
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SYNTHETIC TALC AS AN ALTERNATIVE TO
NATURAL ONE
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SYNTHESIS OF SYNTHETIC TALC

Towards a continuous and sustainable manufacturing at larger scale
New facility commissionned this year

2022

e |
K -lhii
With the courtesy of the IMERYS company
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SUPERCRITICAL WATER
Specific properties
374°C — 221 bar
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WO 2014114874

W02019106257
FR2106670
FR2106671

Coll. Safran Ceramics

SUPERCRITICAL WATER

Specific properties
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Acid or basic-based surface treatment with water !

L. Henry, N. Biscay, C. Huguet, S. Loison, C. Aymonier, A water-based process for the surface functionalization of ceramic fibres, Green Chem.,

2020, 22, 8308-8315.
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DIRECT RECYCLING OF BATTERIES
USING PRESSURIZED CARBON DIOXIDE

RECYCLING

End-of-Life batteries

Time delay and extended use

Iilil G ﬂ Mix chemistries

g Proprietary information

'.?&: Unknown usage
history

g Pre-treatment/
electrolyte removal

E}- Component segregation

Lol .-
I_ X Cleaning and regeneration

universite
“BORDEAUX

# BORDEAUX

Assessment I N P
N. Hayagan et al., Batteries Supercaps, 2024, 7, €202400120 (7).
18



RECYCLING OF BATTERIES

Direct recycling: interest for production scrap

End-of-life EV batteries and production scrap
available for recycling (kMT, global)’

27.1%
CAGR
2029 2030

2021 2023 2024 2027
CAGR: compounded annual growth rate

Umicore Capital MarkeisDay 2022 @ End-of-life batteries @ Production scrap

Focus on the sub- and supercritical fluid technologies

== icrnebh @ vniesits NP
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SUPERCRITICAL CO,
Main fields of application of the scCO,-based technologies
in the field of material recycling

Green Cher

Chemistry Series

Supercritical and
Other High-pressure
Solvent Systems

ction, Reaction and Material Processi

Edied by Andretw J. Hunt 3nd Thomas M. Atard

. (. .
Extraction Leaching h
- LIB electrolyte - Metals
- Heavy metals Delamination Co & Li from LIB
\ Polymers y - PCB \ Cu from PCB Y

The use of supercritical CO, is of great interest for environmental

considerations because it enables to turn a potential pollution, contributing to
the global warming, into a tool for recycling.

C. Aymonier, G. Philippot, A. Erriguible, S. Marre, In Supercritical, High Pressure and Related Solvent systems, RSC, 2018.

== icrnebh @ vniesits NP
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RECYCLING USING SUPERCRITICAL CO,

Delamination of solar cells

Cellule solaire Si
+

métaux (cuivre étamé, Ag,...)
Backsheet

EVA s
Verre EVA | Boitier de

jonction

Cadre
aluminium —

~WE ARE PART OF THE

. IDELAM #1000SOLUTIONS
WO 2017037260 > T —
':'= icmeb @ unjﬁ%ﬁux |NP 21




= RECYCLING USING SUPERCRITICAL CO,

G~ N
L o Delamination technology

IDELAM Company: Applications
Shoes & Textiles

Mousse interne

—— Tissu exteme

- Renfort

‘mbrane étanche

Food Packaging

——Aluminium

Carton

'/('F.i]lels mélal
- Renlort

- Tissu interne

Renfort Mousse de

rembourrage

Opercule aluminium
//

_— Enveloppe PP/PEHD
Café -
Semelle extérieure R
caoutchouc A
Support PP/PEHD semelle intérieure
—— Filtre
= ™ Film alimentaire

T Opercule aluminium C O mp leX Te c hnic al
Dessus (ABS, TPU. polyBolTO du cts A‘ ‘

PET Renfort (aluminium)
/ Al £
FE Carre (acier)
Renfort (composite)
Semelle (PEHD)
= Chant (ABS) Noyau (Bois, PU)
—— Capsule Aluminium
Cellule-S; B i

- Vot “ellule-Si o o

~——— Film thermoscellable L g g @ .°'T~?\ N

Cadre Aluminium \ o

~=— Filtre membrane f

. Caf¢ Hologramme PET
_—— _—— PET

u"“ Opercule Aluminium

Support PVC
Piste magnétique PVC

| 4 |
Backsheet
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RECYCLING USING SUPERCRITICAL CO, N

Delamination technology

With the courtesy of the IDELAM company
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RECYCLING USING SUPERCRITICAL CO,

Delamination technology

Programme de comaturation CNRS-ADN - 2025

== icrnebh @ vniesits NP
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DIRECT RECYCLING OF LITHIUM ION BATTERIES ASSISTED BY
SUPERCRITICAL FLUIDS

Gilles Philippot, Jacob Olchowka, Laurence Croguennec & Cyril Aymonier

Grand Programme de Recherche .  z H :~’=¢= NOG?USN!IG- ( )
PPM | Post-Petrol.eum /6 nje\g%];!sﬂlgsux de NY -~ Aquitaine Needs fo be joint PhD £
Materials removed programme %
PPm \ LRCS_ @ IPREM \
oo : { bt e o — ®
i Liquid an r agence nationale
\ ) Electrolyte k de larecherche j

Needs a multidimensional
sustainability evaluation of
the process

Needs to be
regenerated

nnnnnn

Need to be
LITHIUM-ION
BATTERY separated

RECYCLING

I Alumin”m/l

CCCCCC

Batteries Supercaps, 2024, 7, €202400120 (7).
J. Mater. Chem. A, 2024, 12 (46), 31685-31716.
ACS Sust. Chem. Eng., 2025, 13(1), 105-118.
ACS Sust. Chem. Eng., 2025, in press.
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DIRECT RECYCLING OF LITHIUM ION BATTERIES ASSISTED BY
SUPERCRITICAL FLUIDS

Inside of the 18650 LIB

Vertical cross section Separator
Aluminium foil 25 ym

Copper foil

65mm

Horizontal cross section

Electrolﬁe

Cathode active material Binder and Anode active material
(e.g. LiCo02) Carbon black (Graphite)

Anatomy of a LIB cell

Production scraps for Li ion batteries
EoL Li ion batteries

18mm

Vanderbruggen et al. (2021) doi.org/10.1016/.mineng.2021.106924 || Figure reproduced with permission from Elsevier
'...' . UﬂVEiSItLE‘ 4 BORDEAUX
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DIRECT RECYCLING OF LITHIUM ION BATTERIES ASSISTED BY
SUPERCRITICAL FLUIDS

SUPERCRITICAL

BEFORE FLUIDS TREATMENT WASHING

Active material (NMC622)

Active material . 3
(NMC622) »
Binder (PVDF)

Carbon black

Binder (PVDF) Al foil

Carbon black

ACS Sust. Chem. Eng., 2025, 13(1), 105-118.
||.... . F g T 4 BORDEAUX
s icmeh @ Uit iNP 27




DIRECT RECYCLING OF LITHIUM ION BATTERIES ASSISTED BY
SUPERCRITICAL FLUIDS
The delamination process

®2%’
6o I
Carbon black
LIB positive electrode scrap NMC622

ACS Sust. Chem. Eng., 2025, 13(1), 105-118.
1 T PR 4 BORDEAUX
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DIRECT RECYCLING OF LITHIUM ION BATTERIES ASSISTED BY
SUPERCRITICAL FLUIDS
The delamination process

: 100 bar

120°C

P e
& (4
Carbon black
LIB positive electrode scrap NMC622

Process evaluation: key parameter indicator

Weight;pitia — Weightgna -
T Weightinitial _ WeightA1 foil MIHH!HH N
' 18 19 20 21

Before treatment ACS Sust. Chem. Eng., 2025, 13(1), 105-118. After treatment

== icrnebh @ vniesits NP 29




DIRECT RECYCLING OF LITHIUM ION BATTERIES ASSISTED BY
SUPERCRITICAL FLUIDS

A vk e
The delamination process: optimal parameters
a ,
==l E;;\-
L]
&
Ca:b.::: black+ a.

:;:100» — — — gmow%%gg i :;_?100%128:2% (= + — = —%mow —=— —= —

ESO» °;80w e §80»+ ESOV

g g g g

%60» %eow %60» %60»

S 4of ._5_,40? S 4o} S 4of

E - E

g 20 E 20 'g eolL = ol

3 W J L B 8 ﬁﬁm 2 2

0 0:100 25:75 50:50 75:25 100:0 0 70 ‘ 100 ‘ 120 0 30 ‘ 45 ‘ 60 ‘ 10 ‘ 15 ‘ 30 0 "I 2'5 é
TEP:Acetone (%viv) Temperature (°C) Time (min) Dosag.e (mL)
Cosolvent Temperature Time Dosage

. o .

Key parameter for scale up: loadind=g rate of the reactor

ACS Sust. Chem. Eng., 2025, 13(1), 105-118.
"B - 2 e 1L .ﬁBORIE)EAUX
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DIRECT RECYCLING OF LITHIUM ION BATTERIES ASSISTED BY
SUPERCRITICAL FLUIDS

Recovered Al foil

L
I I;b'n.[': ===

Before treatment After treatment

Recycled Al foil

ACS Sust. Chem. Eng., 2025, 13(1), 105-118.

':: icmeb @ Un?-ﬁiﬁsﬁigiux INP 31



DIRECT RECYCLING OF LITHIUM ION BATTERIES ASSISTED BY
SUPERCRITICAL FLUIDS
Preservation of the crystal structure (XRD)

) Recycled NMC622 — zobls
S R - :Ygzsc-Ycalc
= S = s g | Bragg position
S X _ < s a=b=2.8711(2}\A
= [ 2 S o c=14.2208(2
© Recycled NMC622 S R,=7.44%
- S R,,=8.26%
> L P
:‘5 k ‘? $*=6.16%
E MSE NMC622 -qé
- '
JL l A l A AL N A | (] I I [} [il Il
Pristine NMC622
PR L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L Jr . A{\
18 19 30 35 40 45 50 55 60 65 70 ! . ! . ! . ! . ! . ! . !
20(°), - 10 20 30 o 40 50 60 70
A =1.5406 A 20( )x=1.5406A
Sample a=b (A) c (A) Vol. (A3)
Pristine NMC622 2.8704(2) 14.2218(3) | 101.474(2)
MSE NMCé622 2.8712(3) 14.2211(3) 101.529(3)
Recycled NMC622 2.8711(2) 14.2208(2) 101.521(2)
ACS Sust. Chem. Eng., 2025, 13(1), 105-118. MSE: Manually scraped electrode

1..w-. : i [y 4 BORDEAUX
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DIRECT RECYCLING OF LITHIUM ION BATTERIES ASSISTED BY
SUPERCRITICAL FLUIDS
Preservation of the crystal structure (XRD)

Intensity (a.u.)

1 N g = 5
* A M
Recycled NMC622
/A\ L i A A M
ﬁ MSE NMC622
AA ,h A M. A
Pristine NMC622
M IS I [T [T N [ [T R R
18 19 30 35 40 45 50 55 60 65 70

29(°)x =1.5406 A

Preservation of chemical composition (ICP-OES)

Intensity (a.u.)

Recycled NMC622

—— Yobs
— Ycalc
—— Yobs-Ycalc

| Bragg position
a=b=2.8711(2) A
c=14.2208(2) A
V=101.521(2) A3
R,=7.44%
R,5=8.26%
$’=6.16%

L

L

-

1 1 1
10 20 30

1
o 40 50
26(°)5 = 1.5406 A

1 1
60 70

Sample Li/Ni Li/Mn Li/Co Li/TM
Pristine NMC622 | 159+ 0.04 | 496 = 0.05 | 5.07 £ 0.03 | 097 = 0.04
MSE NMC622 157 £ 0.04 | 489005 | 5.00 +0.03 | 096 = 0.04
Recycled NMC622 | 157 + 0.04 | 488 +0.05 | 499+ 003 | 0.96 = 0.04

Process has no impact on material structure and composition
MSE: Manually scraped electrode

ACS Sust. Chem. Eng., 2025, 13(1), 105-118.
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DIRECT RECYCLING OF LITHIUM ION BATTERIES ASSISTED BY
SUPERCRITICAL FLUIDS

Preservation of particle morphology (SEM) Preservation of particle size

(granulometry)
Recycled NMC622

— PristineNMC622
| — Stirring NMC622
4 o @ —— CO, NMC622
‘%0 k‘c- « @ 2
3 (T X
O A 2

0%
8@

Volume (%)

0 1

Size (pm)
}gf 80 |
o 20 -d
o_m_é/
Size (um)
Process has no impact on particle size and morphology!
ACS Sust. Chem. Eng., 2025, 13(1), 105-118. MSE: Manually scraped electrode
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DIRECT RECYCLING OF LITHIUM ION BATTERIES ASSISTED BY
SUPERCRITICAL FLUIDS

Capacity evolution up to 100 cycles at C/5 (2.5-4.3 V)

CAM geometry -

PVDF traces = ]
Surface property evolution <\_[

Electrode formulation
to be revisited with
the recycled raw material

mAh

— — — —

[o¢] o N N ()]
o o o o o

Reversible capacity (
(e}
o

| — Pristine NMC622
. —— Recycled NMC622
N 1 N 1 N

IS
o

N
o

1 1 1 1
20 40 60 80 100
Cycle number

o

80:10:10 || TM LiPFé6 in (1:1 wt.%) EC: DMC

Quasi similar performance

'..w‘- 1 I T 4 BORDEAUX
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DIRECT RECYCLING OF LITHIUM ION BATTERIES ASSISTED BY
SUPERCRITICAL FLUIDS

Capacity evolution up to 100 cycles at C/5 (2.5 -4.3 V)

From 100 wt.% recycled CAM to 50 wt.%

200 200

-
©
o

@180

2
E < 160 |
- > 140 |
- ‘I: -

-
(2]
o

—_
N
o

o
S)
Cc
—
o
o

Reversible capacity (mAh/g)
2 3 B
T
a
N
o

N
o

()]
o
Reversible
(o))
o

Pristine NMC622 40l Pristine NMC622
- — Recycled NMC622 A 50% Recycled NMC622
L 1 L 1 L 1 L 1 L

20 ...................
g A <Y cL e (e 0O 10 20 30 40 50 60 70 80 90 100

Cycle number

N
o

. . Cycle number
80:10:10 || TM LiPFé6 in (1:1 wt.%) EC: DMC

Quasi similar performance Same Performance
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DIRECT RECYCLING OF LITHIUM ION BATTERIES ASSISTED BY
SUPERCRITICAL FLUIDS

Rate capability test at varied C-rates

200

180

N
D
o

N
N
o

RN
N
o

N
o
o

60 |-

40 L —=— Pristine NMC622
. —® Recycled NMC622
20 1 " 1 " " 1

Reversible capacity (mAh/g)

|

1 L 1 L 1

0 5 10 15 20 25 30 35

Cycle number

Performance degradation at high rate
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DIRECT RECYCLING OF LITHIUM ION BATTERIES ASSISTED BY
SUPERCRITICAL FLUIDS

Rate capability test at varied C-rates

From 100 wt.% recycled CAM to 50 wt.%

200

I 200 C/20
180 |+ C/20 —_
50 5180}
= 160 < 160
£ E |
£ 140 =140 L
> .‘?140 _
'g 120 8 120 L
o . o I
S 100 | S 100
o o |
0 —
D 80 ..E 80 |-
] >
2 60 c|>: 60
[ | |
40 L —=— Pristine NMC622 & 40 = Pristine NMC622
. —e— Recycled NMC622 - 50% Recycled NMC622
.............. ol
25 5 10 15 20 25 30 35 0 5 10 15 200 25 30 35
Cycle number Cycle number
Performance degradation Same performance
at high rate as pristine NMC622

An injection between 10 to 30 wt.% would be maximum !
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DIRECT RECYCLING OF LITHIUM ION BATTERIES ASSISTED BY
SUPERCRITICAL FLUIDS

Evaluation of the environmental impact

Active
material
synthesis

- _

Landfill
Incimeration

Electrode @ Battery
preparation _@/ use

Battery
manufacturing
[eelsmadulespack)

ACS Sust. Chem. Eng., 2025, 13(12), 4717-4728.

~

Pyrometallurgy
High temperature (> 1400°C)
Energy intensive
High GHGs direct emissions
Mature technology

J

\
Hydrometallurgy

Pre-treatment (black mass)
High-concentrated acid effluents
Battery-grade metal salts )

Direct Recycling

Laboratory scale
Homogenous input

Adapted to production scrap
Recovery of active materials

J
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DIRECT RECYCLING OF LITHIUM ION BATTERIES ASSISTED BY

SUPERCRITICAL FLUIDS

Evaluation of the environmental impact

D Climate change

. Terrestrial acidification
. Water consumption
D Other

Ecosystem quality

D Fine particulate matter formation |:| Mineral resource scarcity

. Human carcinogenic toxicity

D Other

Human Health Natural resources
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Can still be improved !

ACS Sust. Chem. Eng., 2025, 13(12), 4717-4728.

Incineration without recovery
Treat I kg of scrap by incineration
and produce a 0.96 kg (+) electrode
with primary NMC622 (137 Ah)

-

Pyrometallurgy
Treat 1 kg of scrap by pyro and
produce a 0.96 kg (+) electrode with
NMC622 synthesized with recycled

precursors (Ni, Co) (137 Ah)

\_

~

J

-

Hydrometallurgy
Treat 1 kg of scrap by hydro and
produce a 0.96 kg (+) electrode with
NMC622 synthesized with recycled
precursors (Ni, Mn, Co and Li)

\_ (137 Ah)

~N

J

( Direct Recycling

Treat 1 kg of scrap and produce a 1
kg (+) electrode with recycled

NMC622 (137 Ah)

J
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DIRECT RECYCLING OF LITHIUM ION BATTERIES ASSISTED BY
SUPERCRITICAL FLUIDS

Conclusions and perspectives

Development of a new pressurized CO,-based process for the direct recycling
of Li-ion batteries

Applied to production scraps on the positive and negative electrodes

Applied to EoL Li-ion batteries

Investigation of the recycling of LiFePO,

Transfer of the technology to industry

Recycling avoiding black mass = Recyclability
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RECYCLING AVOIDING BLACK MASS = RECYCLABILITY

CHESS

Durabilité et YA vy
Recyclabilité des PUSHS. '»T‘”")’ &
Matériaux pour BRROS 2o .r. :){

I'Energie poR NN :x..: ? Ber
DREAME)  'yyyysy RN/
o[l e

Pl Cédric Tassel
Bordeaux INP

CoPI Cyril Aymonlem
ICMCB !
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