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Overview

EV market conditions and lithium-ion battery demand
What is a LIB and how are they made

Mechanical shredding and black mass separation
Pyrometallurgy

Hydrometallurgy and solvent extraction
Membrane-supported solvent extraction

Summary



Electric vehicles are here
Li-ion battery demand is ramping up

Demand for Electric Vehicle Batteries (2010-2030)
Annual demand for electric vehicles battery power (GWh) it} Helgil irary:
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Figure 1: Global lithium supply and demand forecast, comparing methodologies
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Lithium-ion battery composition

* Graphite anode

* Various cathode materials
* Organic electrolyte

* Separator

* Copper and aluminum current

collectors

* Plastic and steel from casing
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- Electrochemical Series — Standard Reduction Potentials
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- Lithium World Reserves in 2020
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N Uneven global distribution of resources
US vulnerable to supply chain disruptions for LIB critical elements
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“ EV battery demand driving up prices for LIB materials
LIB recycling can be profitable
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US Cobalt Spot Price - 3 year trend US Nickel Spot Price - 3 year trend Lithium Carbonate Spot Price - 10 year trend
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* LIB recycling can be quite profitable with the right process technology
* Several recent startups emerged in the US and Canada
* Top 5 by funding: Ascend Elements, Redwood Materials, Li-Cycle, Aqua Metals and Lithion Recycling

~ N4

* Each company uses proprietary process technologies

S
N 3\



Pre-treatment methods U

Waste
Lithium-ion batteries

* o/

Discharging
(Submerge in Salt solution) l
(a)Mechanical treatment gt e
Separation
. ’ l L Plastic, separator

/r;"‘ﬁ ‘ . p— Black Mass

. - v
Shearing Frushmg Electrode plate
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Ultrasonic Thermal treatment

in NMP (600°C/15min)

Crushed waste LIBs | T ginder —» Binder Li salts — Li,CO4

‘ | Washing and drying I
Dry sieving | \/
(Size separation) —»| Separation & Sorting i

. | | | . _ Co, Ni, Mn, Cu...

Plastic | l Ly Cu, Al foil

Al, Cu /
Separator ‘

Active materials . \ ' ( Q)
(Cathode, Anode) . ’

Bae, H.; Kim, Y.; Mater. Adv., 2021, 2, 3234



Pyrometallurgy — General process

Natural gas and

Exhaust gas oxygen-containing gas

Oxygen-

containing gas Furnace

Li-ion batteries ———)| 1. Feeding

2. Metal pour

Metal alloy
Ni, Fe, Cu, Co, Mn, ...

H,S0, Base

1

>< . o,
‘.' Reactor tank Reactor tank

2. Leaching 3. Impurity removal

Valve Pump  Filter Valve Pump  Fiter
Purified lithium
Residue Impurities solution

Clarified lithium solution

H,0

Lithium concentrate

Mill
1. Size reduction

3. Fluxing

Exhaust gas

Furnace

4. Lithium
concentrate
pour

Lithium concentrate
Li,0, SiO,, Al,O,4

Na,CO3

1

Reactor tank

4. Lithium extraction

Pump Filter
Lithium depleted
solution
Li,CO,

Organics burned off in furnace at ~1500 °C
* Plastics, electrolytes, graphite removed

* Forms liquid metal and solid Li oxide phases

Liquid metal poured off solid Li concentrates

*  Metallic elements further separated by melting point

Silica flux added to Li concentrates
* Heated to flux/fluidize solids before pouring Li
concentrates out from furnace
Li salts extracted from crushed Li concentrate
* Li* leached from concentrate with aqueous acid
* Extract neutralized with base to precipitate impurities

* Sodium carbonate added to precipitate Li,CO5
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Hydrometallurgy — General process

Battery Cu foils, Al foils,
End-of-life components other graphite, polymers, .
battery modules than cells clectrolyte Graphite
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Neumann, J.; Petranikova, M.; Meeus, M.; Gamarra, J.D.; Younesi, R.; Winter, M.; Nowak, S.; Adv. Energy Mat., 2022, 12, 2102917

uu @



Principles of Solvent Extraction

Organophosphorus acids
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Simplified flowsheet of Nickelhitte Aue GmbH
Brickner, L.; Frank, J.; Elwert, T.; Metals, 2020, 10, 1107
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_ Equipment for Hydrometallurgy and Solvent Extraction
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N Membrane Supported Extraction
Overview
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Bhave, R.R.; Islam, S.Z.; Wagh, P.A.; US 2021 /0376400 Al

* Hydrophobic membrane pores are loaded with
organic extractants ~/

* Extraction and stripping steps occur in single device
* Modular design potentially useful for smaller scales \/
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Thousands of hollow Fiber cross-section Surface of porous fiber
fibers in a module (scale: 200 microns) (scale: 10 microns)



Membrane Supported Extraction

Mass transport across membrane
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pH Controlled
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Membrane Supported Extraction
Mass transport across membrane
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ORNL Membrane Supported Extraction Process

Batch Extraction Stages and Operation
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Summary

Lithium-ion battery recycling will be a key part of the critical materials supply chain as vehicles

continue to be electrified at an increasing rate going forward

After discharge, disassembly and sorting, lithium-ion batteries can be recycled using a variety of
innovative technologies
* Largely based on pyrometallurgy or hydrometallurgy processes adapted from the mining industry

* Various startup companies seeking to take advantage of high commodity prices

Chemical engineers should remain deeply involved in commercializing green technologies



