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HES to solve problems of Liquid-liquid extraction

Mixture of hydrogen bond
donor (HBD) and acceptor
(HBA)

Non selective extraction
= Third phase formation Metals of interest from:
= Volatile solvents - Ores mining
- Nuclear waste
treatment
- Electronic waste
recycling, ...

Alternative to classical solvents

The promise of Hydrophobic Eutectic Solvents

Liquids at room temperature,
Less volatile

Less toxic

Often organically sourced

HES

HES as Eco-Friendly Solvents in

RSC Advances 2021, 11, 31197-31207; Processes 2021, 9, 1202; ACS Sustainable Chemistry & Engineering 2020, 8, 4, 1954-1963; 1
Hydrometallurgy 2019, 189, 105107 ; Separation and Purification Technology 2018, 196, 174-182; Dalton Transactions, 2017, 46, 16505-16515 EXtraCtlon Processes @



Rare earth extraction

Critical raw materials in 2011, 2014, 2017, 2020 and 2023
Antimony Germanium Natural graphite . ] .
Beryllium Heavy rare earth elements Niobium Critical raw materials classified

Cobalt Indium PGMs by the European Commision
Fluorspar Light rare earth elements Tungsten

Gallium Magnesium

China
Aluminium 56%) LREEs

Antimony 56 Cerium B5%
Arsenic 44 Lanthanum 85%
Baryte 44 MNeodymium 85%

Spain' l*
Strontium 31% Boron BYG

TR s Bismuth 705 Praseodymium 85%
: Cobalt 60% Samarium B5%
Sy e Coking Coal 53
Copper 38 HREEs
Fluorspar 56%{ Dysprosium  100%
Galllum 94 Erblum 100%
Germanium 83 Europium 100%
DRC Lithium SE6%%) Gado_llnlun'l 100%
Cobalt 63% . Magnesium 91 Hnlm_lum 100%
Tantalum 35% Manganese 58% | Lutetium 100%
Natural graphite 67%| Terbium 100%
Nickel 33 Thulium 100%
Phosphate rock 44 Ytterbium 100%:
Phosphorus 79 Yitrium 100%
South Africa Australia Scandium 67
Iridium 930 Aluminium 28% Silicon metal 76%
Chile Palladium  36% Lithium 53% Titanium metal  43%
Copper 28% Platinum  71% Tungsten 86%
Rhodium  81% Vanadium 62%
y Ruthenium 94% bt
¢ Manganese 29%

italic = extraction stage
regular = processing stage

Reference: Study on the Critical Raw Materials for the EU 2023 European Commision. @


Commentaires du présentateur
Commentaires de présentation
Blue : serious threat
Grey : menace croissante
Beige : dispo limité


Design of hydrophobic eutectic solvents (HES) for liquid-liquid extraction ¢

e

Organic phase = pure HES

HBA = conventional extractant + HBD = fatty acids
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Evaluating extraction Understanding

efficiency mechanisms

Coll. Aveiro University, universidade
N. Schaeffer, J Coutinho de aveiro

Reference :
TODGA in dodecane
and octanol (5%v/v)



Prediction of HES formation by COSMO-RS model
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Phase Behavior of HES: Experimental
vs Ideal Thermodynamic Profiles
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e DGSC- eutectic = DSC- melting

» Similarity between COSMO-RS and DSC
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Origin and properties of HES

Structure of H bond network: FTIR Physico-chemical properties for LLE
0307 ' T ' ' ' ' Percentage Density | Viscosity | % Loss of % Water
Carboxylic dimer  Free TODGA (v._,) 1 of TODGA organic after
0257 | g;/‘;/ phase contact (%
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§ |Carbolic ——45% ICDIYFLE M 0.775  2.29+0.11 0.051 0.31
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Increase the % of TODGA:
» Decrease the % of carboxylic dimer
» Leads to an increase of the H-bonded HES system:

extractant peak > Loss of organic phase comparable to the reference
» Density allows phase separation

(0] (0]
st Ao M e W > Applicable for Liquid-Liquid extraction
é8H17 J:SHH on
TODGA DA @




REE extraction using various leaching solutions

Leaching of permanent magnets:
HCIl, HNO; H,SO, and AcOH

Acid
solution

—
Powder 0

of
NdFeB
magnets

System: TODGA/DA (X1opga = 0.3)
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Significant extraction of Pr, Dy and Nd
(D>10) for acetic acid or nitric acid leachate




Selectivity of extraction @

HES system
10° —
y 10" > Extraction of Fe, La, Nd, Eu, Dy, Y at 0.05 M
$ 17 in nitric acid (0.1; 1 and 3 M)
8 10%-
é 101_’ TODGA/DA (X1opga = 0.3 ; [TODGA] = 0.9M)
g VS
& 10" Reference TODGA 0.25 M dodecane + 5% octanol
107
107 — 1
Fe La Nd Eu Dy Y
Element
Reference
10° — _
10 ] » Reference system exhibit higher intra-lanthanides selectivity

» HES more efficient system with a better selectivity vs iron
» High extraction even at low acidity for HES system

Distribution coefficient

Fe La Nd Eu Dy Y @



Mechanisms: metal environment in HES
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R. J. Ellis, D. M. Brigham, L. Delmau, A. S. Ivanov, N. J. Williams, M. N. Vo, B. Reinhart, B. A. Moyer and V. S. Bryantsev, Inorg. Chem., 2017, 56, 1152—1160.



HES recyclability Ry,

Influence of stripping agent Five cycles with HES (X;opsa=0.3) as organic phase
and TEDGA as stripping agent
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Applicability: Viscosity
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Environnemental impact: Comparative LCA HES/Conventional Solvant
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HES: less degradation + less volatile + high extraction
» Much lower environnemental impact

e () LISAT
Coll. A. Dias (€)). e ®

Based Sustainability Assessment Tools Team



Conclusion and Perspectives @

REE

Efficiency selectivity, Evalyation

\_

~

- HES: Good alternative to classical systems
- Loading capacity multiplied by 3 — No 3rd phase
- HES viscosity can easily be overcome

- LCA: Lower environmental impact and less volatile system

J

Further optimization ?

» Bio-sourced extractants - lower environmental and economical impact
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LCA for extraction of 1 kg of Nd
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kg NMVOC eq

LCA to produce 1t of solvents

Photochemical ozone formation per t of solvents
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Inventory parameters

Input material

TODGA

Reference

solvent: TODGA
0.25M in

dodecane octanol
(5% viv)

HES TODGA-DA
(X7opca = 0.3)

Quantity

600.6

HES TODGA-DA
(X7opGa = 0.45)

HES TODGA-DA
(Xropea = 0.7)

|Octanol [ 73 0 0 0
1498.4 414.8 270.3 114.8
Energy consumption

Electricity 160 160 160

(centrifugation)

Emissions to air

voC

Reagents to
produce 1t of
TODGA

802.1

Diglycolic acid

Oxalyl chloride

Dichloromethane
Dimethylformamide
Dioctylamine
Triethylamine

Ethyl acetate

HCL 1 mol/L

NaCl (saturated)

15.4

Quantity (ko)

335,0
1332,5
16625,0
47,2
1510,0
630,0
6765,0
10000,0
12000,0




Inventory

Ecoinvent process

Diethylene glycol {RER}| ethylene glycols production, thermal hydrolysis of ethylene oxide | Cut-off, U
Diglycolic acid

Oxalyl chloride Acetyl chloride {RER}| acetyl chloride production | Cut-off, U

Dichloromethane {RER}| dichloromethane production | Cut-off, U

Dichloromethane

N,N-dimethylformamide {RER}| N,N-dimethylformamide production | Cut-off, U
Dimethylformamide

Dioctylamine Dipropyl amine {RER}| dipropyl amine production | Cut-off, U

Triethylamine Triethyl amine {RER}| triethyl amine production | Cut-off, U

Ethyl acetate Ethyl acetate {RER}| ethyl acetate production | Cut-off, U

Hydrochloric acid, without water, in 30% solution state {RER}| Mannheim process | Cut-off, U
HCL 1 mol/L

Sodium chloride, brine solution {RER}| sodium chloride production, brine solution | Cut-off, U
NaCl (saturated)

Fatty alcohol {RER}| fatty alcohol production, petrochemical | Cut-off, U

Dodecane Dodecanol {GLO}| dodecanol production, ziegler process | Cut-off, U

Electricity Electricity, low voltage {PT}| market for electricity, low voltage | Cut-off, U

LCA data calculated with the software SimaPro 9.5.0.2 with the EF 3.1 method, and by using the ecoinvent processes given in
the following table for the production of chemicals and electricity. Proxy processes had to be chosen when the exact chemicals
were not available. The quantities of input chemical products were estimated by considering one refill of the chemicals after
their respective evaporation. Impact of electricity centrifugation has been evaluated by considering Portuguese electricity mix.
End-of-life of solvents and leachates were not taken into account in this study, and only one cycle of solvent and evaporation
was considered.
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