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Introduction

In 2015, the United Nations Climate Change Conference in Paris (COP21)
committed 195 countries to stabilize global warming under 2 °C by 2100. To reach
this ambitious objective, Nicolas Hulot, the French minister of the ecological
transition, presented in 2017 a “climate plan” to define a trajectory with the aim of
reducing greenhouse gas emissions. One of the major policies aimed to eliminate
the sale of oil and diesel cars in 2040. Battery-driven vehicles are thus widely
investigated to fit greener emissions requirements and to reduce the environmental
impact of vehicles. Among them electric vehicles (EVs) but also hybrid electric
vehicles (HEVs) powered by Li-ion or Nickel-metal hydride (NiMH) batteries are
developed. Since their first commercialisation in a HEV in 1997 thanks to the
Toyota Prius car model, the production of NiMH has taken an important part in the
battery market with 1 billion devices sold in 2016. However, sustainable and
disruptive technologies are demanding increasing amounts of strategic metals
whose impacts on the economy, geopolitics and environment are largely
underestimated. It is worth noticing that the French mathematician and deputy
Cedric Villani, winner in 2010 of the Fields medal, identified in a report from 2017
on artificial intelligence (Al) that one of the biggest threats in the development of

Al technologies was linked to the availability of critical metals.

NiMH batteries are composed of large amounts of valuable metals. Nickel is
mainly present at the positive electrode under the form of a hydroxide compound.
An intermetallic alloy can be found at the negative electrode where a mixture of
transition metals (nickel, cobalt, manganese) and rare earth elements (lanthanum,
cerium, neodymium and praseodymium) allows hydrogen storage during the
charge. However, according to a very recent report from the European Union on
critical materials, cobalt is the transition metal presenting the highest criticality
rate. Its price has been multiplied by 3 from 2014 to 2017 due to (i) its low
concentration in ores (ii) the domination of the production in DR Congo (60 % of
the world production) (iii) the increasing demand mainly due to battery

technologies in EVs and HEVs. Most alarmingly, rare earth elements (REE) were
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commonly identified as critical raw materials by the EU and the U.S geological
survey. More than 97 % of the production has been delocalized to China and 40 %
of the extracted REE is done so illegally. Mining processes have dramatic impacts
on the environment and on public health because of the use of toxic compounds.
Furthermore, because lanthanides are always mixed in ores with actinides, a large
amount of radioactive wastes is produced during the extraction of REEs. Therein
lies a huge paradox at the centre of green technologies. Such growing technologies
as NiMIH batteries and wind turbines are labelled ‘green’ despite requiring large
amounts of REE, resulting in a final product which is more harmful than the
technologies they aim to replace. To tackle this issue, numerous potential solutions
are under investigation: the reuse of devices, to substitute polluting elements by
more sustainable ones and their recycling. The latter solution will be considered in

this work.

All industrial extraction processes of transition metals and rare earth elements are
based on the dissolution/dilution of an extractant in a volatile organic compound
(VOC). Evolution of European policies towards chemical processes initiated by the
REACH regulation (Registration, Evaluation, Authorization and Restriction of
Chemicals) is strongly aimed at limiting the use of VOCs. Greener solvents thus
need to be developed for extraction and recycling processes. Among them, lonic
liquids (ILs) were described as promising solvents. ILs are salts liquid at
temperatures lower than 100 °C and present highly tuneable properties. ILs can act
both as the extractant and solvent for metal separation. Furthermore, because they
also exhibit good ionic conductivities and electrochemical stabilities they are

studied as electrolytes for the recovery of metals by electrodeposition.

To face the emerging environmental and economic challenges presented, the
recycling company Recupyl® and the academic laboratory LEPMI elaborated a
project to develop a recycling process of metals from NiMH batteries with ILs.
Recupyl® will lead the mechanical treatment steps of real spent NiMH batteries in
order to produce a concentrated powder in strategic metals named black mass
(BM). Starting from the BM, hydrometallurgical and electrochemical steps will be

performed in LEPMI aiming the separation and recovery of strategic metals.



22 | Introduction

To make a sense of this work and fully understand the key issues of the project,
chapter | will be devoted to a summary of the state of the art. In chapter II,
mechanical treatment of end-of-life batteries and characterization of the material
obtained will firstly be investigated. In a second part the leaching step, this is to
say the dissolution of the battery will be carried out in various solutions using acid,
water and/or IL. Finally, transition metals and REEs will be separated by a
precipitation method. A process for the separation of cerium from lanthanum,
neodymium and praseodymium will be proposed in chapter Il by oxidation and
liquid-liquid extraction. The recovery of Ce will then be investigated by
precipitation and electrodeposition. Chapter 1V will be devoted to the separation
of transition metals. The first part will study the speciation of cobalt during liquid-
liquid extractions by dicyanamide-based ILs. The second part will highlight novel
extraction solutions by the development of acidic aqueous biphasic systems for
both extraction and electrodeposition of metals. Based on the results obtained from
the previous chapters, a flowsheet will be proposed for the recycling of metals
from NiMH batteries.

This work is a partnership between the academic laboratory LEPMI from INP
Grenoble and the company Recupyl® and has been supported by:

-Labex CEMAM

-ERAMIN program

-EIT KIC InnoEnergy
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CHAPTER 1

State of the Art

Apparatus for fractionated distillation. Abu Musa Jabir VII{" century. Reedited from
Philosophr ac Alchimistae Maximi by Johannes Greininger, Strasbourg, 1531.
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[.1 Presentation of the NIMH battery

I.1.1 A historical overview of the energy sector

Very recently, the French paleoanthropologist, Jean Jacques Hublin brought the
proof that homo sapiens emerged more than 300 000 years ago thanks to the
discovery of new fossils from the site of Jebel Irhoud in Morocco (Hublin et al.
Nature, 2017)." Since this period, the human being has never ceased to try to
increase his comfort by the development of new technologies. It rapidly appeared
that the utilization and the production of energy was a key point to reach higher
standards of living. Energy can be defined as the ability to do a work leading to the
production of movement, heat or electromagnetic radiation.” The first evidence of
production of energy dates back to 1 million years ago, where the combustion of
several light plants, leaves and grass was highlighted in South African caves.’
Later on, during the middle age, water mills were commonly used to grind cereals,
quickly followed by the wind mills. The complexity of these technologies
increased constantly over the centuries allowing humans to produce higher
amounts of energy. The end of the XVIII"™ century was strongly marked by the
industrial revolution. In 1775, the patented James Watt’s Fire Engines® allows the
use of power stream engines for transportation and industry. At this time, coal
started to be extensively extracted and was used as the main fuel during more than
100 years. Figure 1.1 shows the world energy consumption of various fossil fuels
plotted from 1800 to year 2000. Energy consumption is expressed in mega tons
equivalent petroleum (Mtep). 1 tep represents the calorific value released after
burning 1 ton of oil which represents more than 11.6 kW.h. An exponential
increase in the world energy consumption started during the XX™ century with the
discovery of oil and natural gas resources corresponding to a second energy
revolution. Finally, in the 70’s, nuclear plants started to be used commercially,
firstly in the USSR, then in the USA and in Europe. According to the International
Atomic Energy Agency (IAEA), more than 440 nuclear reactors are currently

producing electricity in the world.’
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Figure I.1. World energy consumption of fossil fuels from 1800 to 2000.°

Since the beginning of the XXI* century, mankind, worried about climate changes
due to the production of energy from fossil fuels, started to develop renewable
energies. The latter have the reputation to not produce any carbon dioxide
emissions or radioactive wastes during their utilization. However, the manufacture
of devices or plants required to produce such renewable energy does not follow
these criteria.” Nevertheless, according to the Renewable Energy Policy Network
REN21, annual report 2016,° renewable energies represent in 2015 19 % of the
world energy consumption and over 23 % of the electricity production. Figure 1.2
highlights the fact that the predominant renewable energy is by far hydropower,
followed by wind power. Solar power from photovoltaic panels represents only 1.2
% of the global electricity production. This new way of producing energy has
already been described as the third energetic revolution by the American

economist Jeremy Rifkin.’
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Figure 1.2. Production of electricity by renewable energies in the world.®

However, production through wind turbines, solar panels and even hydroelectric
power plants is highly dependent on the meteorological conditions. This is why the
increasing energy demand combined to the uncertainty of a continuous production
forces us to find some energy storage solutions. Electrochemical accumulators
such as batteries are one answer to this issue. Furthermore, every new generation
of portable communication systems (mobile phones, tablets, laptop computers...)
requires advanced battery technology supporting the device performance needs.
Likewise, the progressive increase in battery-driven transportation is expected to
ensure the replacement of the oil engine. Recently, the Swiss aviator Bertrand
Piccard (Solar Impulse project)'® was able to travel 40000 km during a world tour
in a plane powered by batteries charged thanks to photovoltaic panels. This success
echoes the tremendous energetic transition that we are facing by the development

of new energy production and storage solutions.

I.1.2 The battery devices, from performance to market

A battery is an energy storage/conversion device that converts the energy of
chemical reactions into electric energy. A battery is basically a galvanic cell which
consists of two electrodes electrically separated by an insulating separator and
ionically connected by an ion conductive electrolyte. The latter can be an aqueous

. . . .. . . 11
or organic salt solution, a molten salt or a solid containing mobile ions.
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The Voltaic Pile was the first electrical battery that could continuously provide an
electrical current. It was invented by Alessandro Volta in 1799 and published in
1800 (On the electricity excited by the mere contact of conducting Substances of
different kinds)."> Tt consisted of a stack of zinc and copper disk electrodes
separated with a cloth soaked in a salt solution. Since the beginning of the XIX"
century, many different electrochemical storage technologies were developed,
among them, secondary batteries are defined as rechargeable cells. The most

popular and efficient ones are depicted in Table I.1 according to several

studies.'>!
Battery Negative Positive . . . electromotive TheoreFicaI Specif‘ic Cost
Technology electrode electrode Reaction during discharge force capacity theoretical (€/kwh)
(Ah/kg) energy (Wh/kg)

Acid-Pb Pb PbO, Pb + PbO, + H,50, = 2PbSO, + 2H,0 2.1 120 252  50-150
Nicd Cd NiO(OH) Cd + 2NiOOH + 2H,0 - 2Ni(OH), + Cd(OH), 1.35 181 244 250-400
NiMH MH NiO(OH) MH + NiOOH = M + Ni(OH), 1.35 178 240 300-700
Li-ion Li,Cs Li; ,CoO, LixCq + Liy ,Co0, > LiCoO, + Cg 4.1 100 410 700-2000
LiS Li Sn2 Li,+S = SLix + Li,, 1.7-2.5 1870 550

Li-air Li 0, 2Li+ 0, = Li,0, 2.96 3840 11400

Table I.1. Characteristics of various batteries technologies.

Acid-Pb batteries were the first electrochemical storage devices produced at large
scale after their invention in 1859 by Gaston Planté.'” The second half of the XX™
century saw the commercialization of NiCd batteries thanks to the invention of
Waldemar Jungner in 1899."° Much more robust and lighter than the acid-lead
batteries, the cadmium technology was widely used for portable application. The
active materials are composed of cadmium and nickel oxide hydroxide at the
negative and the positive electrode respectively. The well-known toxicity of
cadmium forced the European Union to forbid the use of this technology in most
applications through the European directive 2006/66/CE published in September
2006 in the official journal of the European Commission.'® NiCd rechargeable
batteries can still be found in specific applications such as medical tools or
aeronautic technology. The next major battery technology was the NiMH battery.
Following a collaboration between two automotive industries, namely Volkswagen
and Daimler-Benz (now Mercedes-Benz), a US patent entitled ‘Accumulator
electrode with capacity for storing hydrogen and method of manufacturing said
electrode” was granted in June 1972."7 Similarly to the NiCd technology, the
positive electrode is composed with the couple NiO(OH)/Ni(OH),. The negative
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electrode is made of a metallic hydride able to store hydrogen during charge and to
release it during discharge. Commercialized in 1990, NiMH batteries were mainly
used in portable devices such as computers, cell phones and lightweight tools
replacing NiCd devices. One year later, Sony started the commercialization of a
disruptive electrochemical device: the Li-ion battery.'* Presenting a specific
theoretical energy nearly twice as high as that of NiMH batteries, the Li-ion
technology rapidly dominated the market and allowed portable systems to reach
much higher autonomy. The evolution of the worldwide rechargeable battery

market from 1995 to 2016 is represented in Figure 1.3.
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Figure 1.3. Evolution of the worldwide market of rechargeable batteries in volume
from 1995 to 2016."*

New battery technologies threatening the Li-ion domination such as LiS'’ and Li-
air batteries™ presenting incredibly high specific theoretical energies of 550 and
11400 Wh.kg™ respectively are under the scope of many research and industrial
groups. However, the NiMH battery remains a resilient technology on the market
and presents a constant production of 1 billion cells per year within the last ten
years.'® This is linked to the application of NiMH batteries in Hybrid Electric
Vehicles (HEV) combining a combustion engine as well as an electrical

propulsion. Toyota, the actual leader in the HEV market, commercialized its first
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hybrid car in 1997 using a NiMH battery thanks to the Prius car model. Since then,
the metal-hydride technology was mainly used for HEVs while it has been
progressively replaced by Li-ion batteries for numeric applications such as laptops
and cell phones. Figure 1.4 highlights the evolution of the market of NiMH
batteries (in value) during the beginning of the XXI* century.

m Other

Figure 1.4. Share of NiMH batteries sold for HEV application worldwide in value
from 2000 to 2015."*

To conclude, even if the NiMH market is diluted by the tremendous success of Li-
ion technology, these electrochemical storage devices are far from being
abandoned. Thanks to their high power and increased safety, combined with their
low price, they represent 1.45 Billion $ sales each year with a major application in

a growing and promising transportation solution: the hybrid electric vehicles. '®

I.1.3 The NiMH technology

a. Generalities
A schematic view of an operating NiMH battery is given in Figure 1.5. Briefly,
nickel hydroxide is used at the positive electrode. A hydride intermetallic alloy can
be found at the negative terminal. They are electrically isolated by an electrolyte
separator reducing the distance between the active materials. It is made of
polyolefin, usually a non-woven polypropylene.”’ The latter is soaked in a

concentrated potassium hydroxide solution which plays the role of the electrolyte.
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Figure LI.5. Schematic view of the NiMH battery.

Spontaneous redox reactions are ruled by the electromotive force. The latter is due to a

potential difference between two electrode materials. Potential is function of the redox

couple of materials, concentration of the species and temperature and is described by the

Nernst law:

a Ox
a Red

_ gy BT
E=E + Ln
nF

E = Potential of one electrode

E” = Standard potential of one redox couple

n = Number of exchanged electrons

R = Constant of the ideal gas law = 8.314 Jmol 'K
F = Faraday’s constant = 96500 C

T = Temperature in Kelvin (K)

a Ox and a Red = Chemical activity of species

During discharge, the chemical reaction described below takes place®':

Positive electrode:

NiO(OH)(s) + H,0(1) + ¢* S Ni(OH),(s) + OH (aq) (E” = 0.50V vs. SHE)
Negative electrode:

MH(s) + OH (aq) 5 M(s) + H,O(l) + ¢ (E° =-0.85V vs. SHE)

Global reaction:

NiO(OH)(s) + MH(s) S Ni(OH)s(s) + M(s) (AE = 1.35V vs. SHE)

1)

(2)

3)

Q)



32 | Chapter I | State of the Art

During charge, the exact opposite reactions occur.

NiMH secondary batteries can be found under three main geometric
configurations: button, cylindrical cell and prismatic cell.

In button cells, active materials are compressed under a disk shape. It is the
simplest configuration of a battery but also the less efficient. It is mainly used for
low regime applications such as memory backup. Within the cylindrical geometry,
electrodes and separator are under the form of thin rectangular layers. They are
rolled together until reaching a distance electrode-electrode of 120 to 180 um.
These systems are mainly used in portable tools such as drilling and sanding
machines. Finally, the prismatic cells present stacks of positive electrode /
separator / negative electrode. As more active material can be used for the same
volume, this geometry is the most efficient for large battery design and is widely
used in HEV.?* Their price is, however, slightly higher than that of cylindrical

cells as they are more complex to manufacture.

A B

PasitiEtErHiA] Positive terminal Positive electrode

Separator

Gasket Gasket Negative electrode
Separator

il Insulator layer
Positive electrode —

Battery package

b Negative terminal

Negative electrode
Negative terminal __

Gasket —¢ ’ — _ Separator
. Ir Positive electrode

~ . )
* Positive terminal

Figure 1.6. The main geometries for NiMH batteries. A: Prismatic cell. B:
Cylindrical cell. C: Button cell.”

b. Electrolyte

It has been widely accepted that the optimal concentration of KOH in the aqueous

electrolyte should be around 30 wt.% (~6 mol.L'") in industrial batteries. The
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latter value was chosen because potassium hydroxide reaches a maximum specific
conductivity in this concentration range.”> Small amounts of LiOH can however be
added to the solution in order to increase the charge acceptance (ability to accept
energy) at the positive electrode. The amount of electrolyte in these systems is
very low, typically under 2 mL.Ah™'. Considering a 1.2 V classical cylindrical
battery with a capacity of 3 Ah, the volume will be of 6 mL maximum in 40 g
which justifies their qualification of “dry batteries”.”* The electrolyte has a great
influence on the charge and discharge potential of the electrodes. Furthermore, it is
responsible of the degradation of the nickel hydroxide positive electrode into y-
NiOOH. Some papers such as the work from Wang, Forsyth et al. have thus

focussed on the development of solid electrolyte to tackle this issue.**

c. The positive electrode

Nickel hydroxide in the active material presents a theoretical capacity of 289
mA.g"'. In order to increase the properties of the electrode regarding conductivity,
stability or even oxygen over voltage, nickel is often substituted by cobalt in the

ratio Nig7Cos.
Two main techniques are known for the preparation of Ni(OH);:

Ni(OH), precipitation in a nickel sintered support

This was the first strategy used to prepare all positive electrodes since the
development of the NiCd batteries. Nickel sulphate (NiSOy) is precipitated out
from an aqueous solution within a porous metallic nickel structure obtained by
sintering by increasing the aqueous pH using sodium hydroxide (NaOH). Several
precipitation cycles are performed. This is probably the most robust process to
produce positive electrodes which brings high cyclability to NiMH batteries.
However, this material presents only 35 % of active material. This is a strong

limitation to produce high performance portable storage solutions.**

Ni(OH), precipitation in a nickel foam
This strategy was firstly developed by Matsushita (now Panasonic) at the end the
80s and is currently the dominating method for the preparation of NiMH positive

electrodes. Starting from a polyurethane foam, a thin coating of metallic nickel is
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added by Chemical Vapor Deposition (CVD) to increase the conductivity of the
material. Similarly to the sintered method, Ni(OH), is then obtained after
precipitation in alkaline media. Finally, polyurethane is degraded by thermic
treatment leading to a particle size of 10 pm of Ni(OH),. The active material now

represents 60 % of the electrode.”’

d. The 4Bs negative electrode

The negative electrode is made of a metal hydride metal and usually presents a
theoretical capacity of 289 mA.g”'. The metal is composed of binary alloys.
Andreas Zittel et al.”> reviewed six main types of alloys for hydrogen storage.
They are displayed in Table I.2. However, the A4B;s intermetallic compound
represents the huge majority of batteries in the market and will be the only one

recycled in this work.*®

Intermetallic compound Composition  Hydride Structure

AB, ZtMn, / ZrV,  ZrMn,H,; Hexagonal/Cubic
A,B, Y,Ni, Y,Ni,H,  Hexagonal

AB; LaNi, LaNi;H, Hexagonal

AB; CeNi, / YFe, CeNi;H, Hexagonal

AB TiFe / ZrNi TiFe Cubic

A,B Mg,Ni/Ti,Ni  Mg,NiH, Cubic

Table I.2. Families of intermetallic compounds in NiMH batteries.”’

ABs alloys crystallize in an hexagonal type CaCus structure.”’ The crystal structure

is given in Figure 1.7.

Figure 1.7. AB;s crystal structure. 1 large grey atom: A in position (0, 0, 0). 2 small
white atoms B in position (1/3, 2/3, 0). 3 small black atoms B in position (1/2, 0,
1/2) *7
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Hydride properties of LaNis material were first reported by Van Vutch.”® During
charge, the crystal lattice is able to expand of 25 % allowing hydrogen to be stored
in tetrahedral sites.”” However, to reduce the overall price of the battery, electrodes
are manufactured starting from mixture of metals related to the nature of ores. The
latter alloy is commonly designed as a mischmetal. As a result, nickel is mixed
with cobalt and manganese while lanthanum is substituted with cerium,
neodymium and small amounts of praseodymium. The influence of REE
composition modifications compared to the LaNis on thermodynamic properties
and corrosion resistance was studied and brought the proof that neodymium and
praseodymium doping could increase the ability to store hydrogen.’* One main

technique was used for the formulation of such electrodes:

the plasticized technology
The active material is mixed with a conductive paste containing a thickener and a
binder. It is then deposited on a nickel-steel perforated plate. A thin nickel coating

can also be added to the electrode.?

In order to develop an efficient recycling process, we need to have a very precise
idea of the metals that will be present in the active materials. The formulation of
the mischmetal is thus a key point in the realization of this work. The intermetallic

compound present in the ABs alloy was reported to have 2 main compositions:*'

Las 7Ceg.oPro sNd; 3Nisg 2C0122Mng gAls »
Lajo.5Ces3ProsNd; 3Nigo.1C012.7Mns 9Aly 7

e. Metals in NiMH batteries

NiMH batteries are widely used to store energy in Hybrid Electric Vehicles. The
active materials found in both electrodes originate from complex matrices where
eight main elements form intermetallic compounds. These metals can be divided in
two main categories: Transition Metals (TM) including nickel, cobalt, manganese
and aluminum, and Rare Earth Elements (REE) including lanthanum, cerium,
neodymium and small amounts of praseodymium. The latter category of metals is
present in the negative electrode (elements are given in each category from the

most concentrated to the less concentrated). Large amounts of valuable metals are
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needed to manufacture such storage devices. The question of the extraction and
recycling of such metallic elements is thus a key point in the development of low

environmental impact technologies.
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[.2  Mining and recycling of metals

I[.2.1 Raw materials criticality

In his very recent study, Guillaume Pitron alarms us that the world will have to
double the production of rare metals every 15 years to support the change in our
energetic model. This will imply the extraction of more ores during the next 30
years than during the past 70 000 years.” Furthermore, the variety of metals used in
technologies is highly increasing. While only seven metals were used between
ancient history and Renaissance (Au, Cu, Pb, Ag, Sn, Hg and Fe), about 20 were
extracted during the XX™ century. Nowadays, the entire 84 primordial elements of
the Mendeleiev table are part of the manufacture of modern technologies.”"

Similarly to most of all natural resources, the tremendous increase in the
production of metals already creates some geopolitical conflicts.’* In order to
identify the risks many countries were facing regarding specific pivotal systems
using metals (e.g. energy supply, defense, communication...), the notion of

33,34

criticality was introduced. Several methodologies were used to calculate the

criticality of metals. They have been nicely reviewed by Erdmann and Graedel.™
According to seven academic papers on the subject, they were able to define the
criticality rate as the number of criticality designation on the number of studies.
This diagram is displayed in Figure 1.8.

On the eight different metals used in NiMH battery electrodes (Ni, Mn, Co, Al, La,
Ce, Pr, Nd), all of them have been described at least once as a critical element.

Furthermore, cobalt and rare earth elements are described by 50 and 100 % of the

studies respectively as being critical metals.
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Figure 1.8. Frequencies of criticality designations from seven studies. Some metals
were treated as minerals or metal groups. Regarding rare earth elements, g: as
element. h: as compound of REE group.35

In 2010, the European Commission identified that the availability of metals was
under pressure and asked a college of experts to build a report on “Critical raw
materials for the EU”.*® This report stands as a warning towards European
governments and a manifest for the need to build strong policies to tackle this
issue. Depending on the economic importance and the supply risk of each element,

they pointed out a list of 14 so-called critical raw materials:

List of critical raw materials

Antimony Platinum Group Metals
Indium Gallium
Beryllium Rare Earth Elements
Magnesium Germanium
Cobalt Tantalum
Niobium Graphite
Fluorspar Tungsten

Table 1.3. List of critical raw materials from the EU level 2010. Platinum Group
Metals: platinum, palladium, iridium, rhodium, ruthenium and osmium. Rare Earth
Elements: yttrium, scandium, lanthanum, cerium, praseodymium, neodymium,
promethium, samarium, europium, gadolinium, terbium, dysprosium, holmium,
erbium, thulium, ytterbium and lutetium.
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Following this work, the European experts expressed eight recommendations. The
first one was to have an update of those data every five years maximum. A report
was thus published in 20147 excluding tantalum and adding borates, cocking coal,
chromium, magnesite, phosphate rock and silicon metal to the list. Very recently,
in 2017 the last updated report from the EU* added bismuth, hafnium, scandium

and vanadium to the list.

I.2.2 Challenges for transition metals: the case of cobalt

a. Generalities
Transition metals were defined by ITUPAC as: “an element whose atom has an
incomplete d sub-shell, or which can give rise to cations with an incomplete d sub-
shell”®® They actually include most elements from group 3 to 11 of the
Mendeleiev table excluding lanthanides and actinides.
Manganese is the third most abundant transition metal after iron and titanium.
Around 17 million tons of metal are extracted from the grounds of South Africa,
China and Australia mainly. This element exists under several oxidation numbers,
mainly (II), (IV) and (VII). The vast majority of manganese is used in alloys such
as steel.***!
Aluminum is widely used for its anti-corrosion and mechanical properties in
transport manufacture, packaging, construction material, electronics... It is the
third most abundant element in the earth’s crust. It can be oxidized to its third
oxidation state. More than 50 % of the extraction of aluminum takes place in
China.***!
Nickel is used for a wide range of applications such as anticorrosion material,
catalyst, coins, battery electrodes and in various alloys. The production is now
over 2 million tons per year. The main producers are Philippines and Russia. It is
however interesting to notice that France extracts about 7 wt. % of the nickel

production thanks to its mines in New Caledonia.’®*"!

It mainly exists under the
oxidation state (II).

Cobalt exhibits chemical properties similar to nickel. It exists under two main
oxidation states, (II) and (IIT). Cobalt is a byproduct of the mining of nickel and
copper. Extraction takes place at more than 60 % in the Democratic Republic of

Congo. The world production is estimated to be close to 120 000 tons per year.**™*



40 | Chapter I | State of the Art

According to data collected in Info Mine*' the price evolution within 4 years of

these 4 transition metals is expressed in Figure 1.9.
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Figure 1.9. Price of transition metals contained in NiMH battery electrodes from
2014 to 2018 expressed in US dollars per kilogram (USD/kg). The red and green
curves express the decreasing or increasing price respectively within 4 years. A:
manganese. B: Nickel. C: Aluminum. D: Cobalt.

Manganese and aluminum are sold at prices 7 times lower than that of nickel and
over 40 times lower than that of cobalt. Furthermore, the amount of Mn and Al in a
NiMH battery is very low which makes them less interesting to recycle. Nickel
being the major element in NiMH battery, it needs to be recovered, but no tension
is to be seen on the market as its price seems stable within 4 years. This is not the

case of cobalt which price has more than tripled from 2014 to 2018.

b. Extraction process of cobalt

Extraction techniques of cobalt depend on the nature of the ores processed. Co can
be found under the form of arsenide (Morocco), oxide (New Caledonia) or more
frequently sulphide in RD Congo. According to several books and reviews from

L 44

Hannis et al.*® and Crundwell et al.** the extraction procedure is performed in five

main steps. (i) Ores are mined and crushed before being treated (i1) Leaching step

is performed using concentrated sulphuric acid at high pressure (4.4 Million Pa)
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and temperature (250 °C). (iii)) A washing and decanting step leads to metal
concentration in the liquid phase. (iv) Copper and iron are precipitated out from
the sulfuric medium with ammonia. (v) Nickel and cobalt are finally separated

using solvent extraction techniques or electrowinning.

c. Tension towards cobalt mining

Defined as a critical material by the scientific community”>>®

, identified as having
a very volatile price,’' cobalt is the center of numerous geopolitical tensions.
Several parameters can explain this phenomenon.

First of all cobalt is used in many battery technologies, including NiMH electrodes
and Li-ion cathodes®'. The needs of cobalt for energy storage are thus dramatically

increasing as expressed by the following figure.
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Figure 1.10. Evolution of the use of cobalt in tons per year for Electric Vehicles
(EV), Hybrid Electric Vehicles (HEV) and portable batteries in 2010 and 2020.

As an example, the Li-ion battery developed by the famous brand Tesla weights
544 kg (data for Model S).* This represents 25 wt. % of the car and about 80 kg of
cobalt to get 500 km of autonomy.’” Furthermore, Elon Musk, the CEO from Tesla
recently announced to the American channel CNBC that he will be able to reach an
autonomy of 800 km with his new battery design (Millions of Teslas, 500-miles
range coming) by consuming more raw materials.*® Recently, Nicolas Hulot, the

French Minister of the ecological transition declared that he was aiming at the end
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of the diesel and oil cars on the market by 2040.*" Since more than 39 Million cars
are used in France,”® the amount of cobalt needed to power these vehicles is

already beyond comprehension.

Second, the mining industry is concentrated in one country. RD Congo is the
center of many conflicts and the potential of war in the region strongly affects the
supply chain of cobalt et vice versa* As a result companies are stockpiling huge
amounts of metal replacing the zero stock and just in time strategies by safer and
more expensive economic models.*”** Furthermore, even if RD Congo is the main
country exploiting cobalt, more than 80 % of this metal is refined by China.
Indeed, Chinese companies are strongly present in the eastern part of the country
creating a new monopoly. As an answer, the Congolese government recently
signed a new law in order to increase its mining royalties.”’

Consequences of such policies lead to a strong volatility on the cobalt price and

are already destabilizing the battery industry.

Despite the situation with cobalt, as described by the European commission in
2010,%° 2014°” and 2017°® the most critical metals found in NiMH batteries are the
Rare Earth Elements (REE).

I1.2.3 Rare Earth Elements as highly critical raw materials

a. Hidden twins
Rare Earth Elements are defined by TUPAC?®® as the 15 lanthanides elements
(lanthanum to lutetium) as well as scandium and yttrium. They can be divided in
two main categories: light REE (lanthanum to samarium) and heavy REE
(europium to lutetium plus yttrium and scandium).’” The distinction between light
and heavy REE varies from one review to another as no official definition exists.
As far as we are concerned, our focus will be on the light Rare Earth Elements
lanthanum, cerium, neodymium and praseodymium, present in NiMH batteries.
Their names are either linked to the mythology (cerium was named from Ceres, the
Roman Goddess of agriculture) or from their discovery. The origin of lanthanum is
linked to the Greek etymology of the word “hidden” because La was considered to

be cerium oxide for a long time. This confusion also existed with Pr/Nd. While
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praseodymium stands for the “the green twin” because it exhibits a green color in a
large range of salts, neodymium can be translated in “the new twin” because Pr/Nd

were undifferentiated for years.

b. Generalities
These designations are perfectly accurate to define light REE. They are present in
relatively high concentrations in the earth crust. Cerium is for example as abundant
as copper ranging in a concentration of 48ppm.”> However, due to their close
physicochemical properties, they are extremely difficult to extract and overall to
isolate which justifies the denomination rare or hidden. All of them can be found
under the third oxidation state except from cerium that can also be stable after
oxidation in the fourth oxidation state. The coordination number for
lanthanum(III), cerium(Ill), praseodymium(Ill) and neodymium(IIl) is similar
between most light REE and reaches a value of 9 in water.>* A decrease of the
ionic radius of elements from lanthanum to lutetium can be observed. This
phenomenon is known as the lanthanide contraction. REE can be characterized by
4f electrons who present a small shielding effect of the nuclear charge. This
shielding effect is decreasing within the following series: s > p > d > f. As a result,
the higher the nuclear charge, the higher the attracting effect on electrons and the
lower the ionic radius.” However the difference in the ionic radius between the
larger and the smaller cation, lanthanum and neodymium respectively is of 0.06 A.
This small difference can thus hardly be used for the separation of light REE and
justifies the denomination of twins. Properties of La, Ce, Nd and Pr are described

in Table 1.4.

Lanthanide (2) Electronic Main oxydation  Coordination atomic radius of
configuration states number in water  Ln(lll) (pm)
La(57) [Xe]5d'6s” 3 9 103.2
Ce(58) [Xe]5d'6s%4f" 3;4 9 101.0
Pr(59) [Xe]5d6s%4f 3 9 99.0
Nd(60) [Xe]5d°6s”4f* 3 9 98.3

Table 1.4. Generalities of REE used in NiMH batteries.
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c. Nature of the ores

The nature and concentration of the main Light REE ores are depicted in

Figure I.11. Three main ores can be found for the mining of light REE. Metals are
extracted under phosphate, oxide or carbonate salts in monazite, loparite and
bastnaesite respectively. Of all three ores, monazite exhibits the highest
concentration of REE. It is however composed of yttrium which represents 40 wt.
% of the total REE amount. The presence of actinides in monazite is a further huge
issue as high amounts of radioactive wastes are produced during the ore
processing. This is also the case for loparite. This ore is however lucrative because
of the presence of niobium, another critical metal. Bastnaesite contains lower but

non-negligible amounts of thorium and uranium.

Monazite Loparite Bastnaesite

OCe @La @ENd OPr OOther

Ore Monazite Loparite Bastnaesite

wt % REE 0.5-10 2-3 1-8

Features Presence of Presence of Carbonate salts
thorium and thorium, uranium
uranium. and niobium. Oxide
Phosphate salts. salts.

Figure I.11. Characteristics of the main light REE ores.”>>® Pie charts are
expressed in weight percentages of the average ores concentration.

Generally, 1 ton of ore only produces between 10 and 80 kg of REE while it is
consuming 200 m® of water.” It is important to point out that the variety of ores is
large and some of them can be more concentrated in La, Ce or even Nd. For

example, monazite-(Nd) is known to contain 30 wt. % of neodymium.
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d. Applications of REE: the balance problem

Close to 30 kg of light REE can be found in a NiMH battery coming from a Toyota
Prius HEV.”® 26 wt. % of the production of lanthanum is devoted to the latter
energy storage device. However, La is also used for catalytic converters (44 wt. %
of the production) and in specific optical glasses’’ found in microscopes or
telescopes. This is not the case for praseodymium and neodymium which are
mainly used for magnet production. 53 % in value of the whole REE industry is
dedicated to magnets.’® They can be used to produce energy in wind turbines, to
power cars in electric engines or even to store data in hard drives.’® They can also
be found in highly strategic applications such as guided missiles.’

Applications and production of light REE found in NiMH batteries are depicted in
Figure 1.12 and Table L.5 respectively.

Lanthanum Cerium

73%

[ NiMH batteries [l catalytic converter [ potishing powder
[ Permanent magnet [ Phosphor light B ailoys in metallurgy
Glass and ceramics Other

Figure 1.12. Applications of light REE contained in NiMH batteries. Percentages
are expressed in terms of weight production.
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Mass in a NiMH batteries Production 2010-2014
Light REE
(kg) (tones/year)
Lanthanum 10 -15 35 146
Cerium 5-10 51430
Praseodymium 1-2 6 500
Neodymium 4 -7 22 391

Table 1.5. Applications and production of Light REE contained in NiMH
batteries. *®

Cerium is mainly used as a polishing compound as Cerium(IV) oxide (CeO,).®° It
is the most produced Light REE in mass with more than 51 000 tons of metal

extracted each year.

However, this important production of cerium is not only linked to the demand but
also to the concentration of this metal in ores. Similarly to cobalt produced as a
byproduct from nickel ores, neodymium is extracted in ores containing high
amounts of cerium. Briefly, the more neodymium is needed, the more cerium
needs to be produced. This creates an oversupply in cerium. This phenomenon was
firstly described as the balance problem by Falconnet from the Rhone Poulenc

industry in 1985 in his review.®' It was updated in 2018 by Binnemans et al.’®

China owns about 50 % of the known resources of REE. It is followed by Russia
(17 %). USA and Australia possess 4 and 3 % respectively of these critical metals.
However, significant reserves still need to be discovered. A Japanese research
group reported (Kato, Iwamori et al., Nature geoscience 2011) that concentrated
Rare Earth ores were present in the deep-sea Pacific Ocean.

Despite this discovery, the production is nowadays the result of a huge monopoly.

e. Tension surrounding the REE production

From 1965 until the end of the XX™ century, REE were mainly extracted from
Bastnaesite in the USA. This extraction took place in the Mountain Pass mine
(California) exploited by the company Molycorp. The mining process was creating
significant quantities of acidic waters, carbon dioxide emissions, chemical

pollution and overall radioactive wastes. In the 90s, after releasing its wastes in the
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desert and according to new environmental laws, Molycorp had to pay 1.4 Million
$ fine and to adjust its process. As a result, it increased the cost of extraction of
REE. At the same time, the Chinese government opened new mining sites, mainly
in Baotou (Inner Mongolia).” According to permissive regulations, they started to
extract as much REE as the USA in 1993. Ten years later, the production in China
tripled with cheaper extracting techniques. As a consequence, the Mountain pass
mine closed. From the beginning of the XXI1™* century until now, China is
dominating the market of lanthanides. Baotou is now considered as the capital of

REE in the world.
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Figure I.13. Worldwide production of REE in tons from 1950 to 2017.°%%

The production of such Chinese REE was close to 98 % of the total production in
2011. All data regarding their production are available in the United States
Geological Survey (USGS) data sheets.®

In 2011, following a geopolitical conflict between China and Japan, exportation of
REE was highly limited. As all developed countries are fully dependent of the
Middle Kingdom production, the prices of all REE started to drastically increase.
From one day to another, Europe, USA Japan and Russia understood that China

had a tremendous power on the manufacturing of numerous strategical application.
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Figure I.14. Evolution of REE oxide prices from 2009 to 2017.*"-%*

As a result, USA re-opened the Mountain Pass mine in 2012. Quickly, the price of
REE decreased and Molycorp had to close it again two years later. Only Russia
and Australia are nowadays considering large scale REE mining.” In 2017, the
prices of the two major REE found in NiMH batteries namely lanthanum and
cerium were close to 3 $/kg and are similar to the prices of manganese and
aluminum. Even if neodymium and praseodymium are found in lower amounts in

ABs negative electrodes, they exhibit prices of 59 and 77 $/kg respectively.

f. A polluting extraction process

Details on mining process for REE in China is difficult to obtain. Nevertheless an

approximate flow sheet of the extraction of bastnaesite in Baotou was given by

. . 64
Simoni et al.
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Rare Earth Element
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Figure 1.15. Flow sheet of the extraction of light REE from Baotou mines in

China.**

The ores are firstly crushed and grinded in order to obtain a powder. Some minor
transition metals and minerals are separated by flotation and chemical treatment.
A concentrated REE powder is then obtained. In order to remove actinides, REE
are leached in concentrated sulfuric acid and roasted at temperature in the range
230 to 300 °C to produce lanthanide sulphates.®®®” The latter are leached in HCI
and converted to lanthanide chlorides.®* The last step consists in several extraction
steps using solvent extraction. This step isolates all REE under the form of pure
oxides. A common extractant is di-(2-ethylhexyl) phosphoric acid (HDEHP) also
named (HA) dissolved in kerosene.’® The extraction mechanism is linked to a

cation exchange and is depicted in the following equation:
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REE3* + 3(HA) = REE(A); + 3HY (5)

A large range of phosphorus based chelating agents named Cyanex® has also been
developed by Cytec (Solvay). After dissolution in an organic solvent, these
extracting systems were shown to isolate several REE. Many research groups have
been focusing on extraction of REE by Cyanex 272,”° 301,”""7° 302,7*7* 9217° and

. . 50,72,74,75
9237! diluted in kerosene, ” toluene,’® xylene’' and heptane.>*’*"*

After this liquid-liquid extraction step, REE are calcined to obtain pure oxides. If
needed, lanthanides can be reduced to the metallic state by various reducing agents

or by electrowinning.

An accurate methodology to measure the environmental impact of the extraction of
REE is the Life Cycle Assessment (LCA) methodology. Several LCA studies were

performed regarding the present flow sheet.®> 77

It has been shown that for each ton of REE extracted, 2 tons of acid should be
used.®® Acid roasting has thus been described by Vahidi et al. as the most adverse
step of the process regarding pollution and healthcare.®” The leaching step is thus
commonly designed as the most polluting in metal LCA analysis.®>"""®

However, it has been reported that a very low waste treatment policy was applied
in Inner Mongolia. Retention ponds containing high amounts of uranium, thorium,
acid, extractant and organic solvent can be found near numerous villages. Many
cases of cancers were spotted.7’79 A 2018 LCA analysis (Arshi, Zhao et al. ACS
Sustainable Chemistry)®® studied the impact of the extraction of cerium,
lanthanum, neodymium and praseodymium on environment but also on human
health. They reported that the more concentrated a metal in the ore, the lower the
impact. Focusing on neodymium, 1 kg of Nd could be responsible of 4.4.107°
cancers. Considering the production of Nd in Baotou, this represents more than
100 cancers per year for the mining of one metal. Yet, this value is most probably
under estimated, because of the little access scientists have on the facilities and
waste management protocoles.®” They also reported the production of 89 kg

equivalent of CO; regarding global warning per kilogram of extracted neodymium.
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The offshore company Adwen, gives precise data on the characteristic of its
offshore windturbines.® 350 kg of REE and 150 kg of neodymium can be found in
its 8MW model. A Toyota Prius model can contain up to 1.5 kg of REE.*
However they are considered as highly sustainable devices to produce and store
energy respectively. After studying the mining of REE, we can assess that carbon
dioxide emissions, radioactive wastes and various pollutions are not at all
suppressed with those devices. We are simply facing a delocalization of the
pollution from developed country to China. Guillaume Pitron, French journalist
and expert in rare metals, described this phenomenon as the “largest green

. . . . 7
washing operation in history”.

Since the great REE crisis in 2011, finding solutions towards greener and safer
process regarding the Rare Earth Industry has become the focus of many research
groups and governments worldwide. While the recycling rate of light REE was
below 1 % in 2010,°®%% this value has now been upgraded to 3 % (European

Commission report on critical raw materials, 2017).®

Recycling processes must be designed in a more sustainable manner. Furthermore,
because liquid-liquid extraction highly impacts the toxicity of the procedure due to
VOCs, toxic and flammable organic solvents need to be replaced by safer and

greener molecules.



52 | Chapter I | State of the Art

[.3 Tonic Liquids as greener solvents

1.3.1 Definition

In 1996, Anastas et al. described green chemistry as the ability to reduce human
and environmental risks during chemical processes.®’ Later on, 12 principles were
presented to fulfill this goal.*” Among them, using catalysis, reducing wastes,
energy consumption and hazardous compounds. Designing safer solvents was also
described as a priority to reach sustainable and environmental friendly chemical
processes. lonic Liquids (ILs) have been presented as promising candidates for the
replacement of hazardous solvents, both in academic and industrial activities.*

ILs can be defined as salts that melt below 100 °C forming liquid phases composed
only with cations and anions. Some ILs are liquid under 25 °C and are called room
temperature ionic liquids (RTILs).

Historically, the field of ionic liquids started after Paul Walden’s observations of
ethylammonium nitrate in 1914.%* This salt presents a melting point of 11 °C and
was investigated to be a substitute to nitroglycerin in explosives.®> Moving away
from these hazardous applications, ionic liquids started becoming popular in the
late 90s. Ever since, the study and use of ILs in a large range of applications has

grown tremendously.
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Figure 1.16. Evolution of the interest of ionic liquids in scientific papers from

1990 to 2018.%°
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1.3.2 Structure

Contrary to molten salts, ionic liquids present a low charge density and an
asymmetric geometry. These characteristics are responsible for the decrease in
their melting point compared to molten salts.®” The cation is usually an organic
compound. It can be a cyclic molecule based on nitrogen, namely, imidazolium
[CnCnIM]+, pyrrolidinium [CnCnPyrr]+, pyridinium [CnCnPYR]Jr or a non-cyclic one
based on quaternary nitrogen or phosphorus with ammonium [Nyl
phosphonium [Pynnn]” and sulfonium [Syna]” cations respectively. The subscript “n”
represents the number of carbons, i.e. the length of the alkyl chain.

The anion can be a simple inorganic ion such as chloride [Cl]’, bromide [Br],
nitrate [NOs3], hydrogenosulfate [HSO4]° or even dicyanamide [DCA].
Perfluorinated anions such as tetrafluoroborate [BF4] and tetrafluorophosphate
[PFs]” have widely been studied for their remarkable hydrophobic properties. Due
to some chemical stability issues related to the possible formation of HF when
contacted with water®™ they are now often replaced by more stable organic ions
such as bis(trifluoromethylsulfonyl)imide [NTf,]".

The most popular ionic liquid structures are depicted in Figure 1.17.

Cations
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Figure 1.17. Popular structures of cations and anions forming ionic liquids.



54 | Chapter I | State of the Art

The ability to easily change the alkyl length of cations as well as the possibility to
combine various kinds of ions together allow researchers to synthesize and study a
nearly unlimited combination of new solvents. Each IL will then have the ability to
present unique physicochemical characteristics in order to be used for a large range
of specific applications. This high tuneability of ILs allows them to be presented as

“designer solvents”.*

1.3.3 Properties and application

Ionic liquids usually appear as colorless or slightly yellow liquids. Their viscosity
generally ranges from 30 to 2000 mPa.s.”® For comparison, viscosity of water is of
1 mPa.s at 20 °C while honey presents a viscosity between 5000 and 10000 mPa.s.
This higher viscosity compared to organic solvent is mainly due to the presence of
electrostatic and Van der Waals interactions. However, this can be overcome by
decreasing the length of alkyl chain, by increasing the temperature or by mixing IL
with molecular solvents. They are defined in the literature as green solvents thanks
to their potential to replace volatile organic solvents (VOCs). They usually present

a low flammability compared to VOCs and are mostly non-volatile.

a. Non-hazardous and safe solvents?

Toxicity of ILs has been characterized and reviewed in numerous articles
recently.”’ > Most of them report a high ability of fluorinated anions such as
[BF4]" and [PF¢] to suffer from hydrolysis leading to the formation of hazardous
hydrofluoric acid.*® This issue has now been overcome thanks to the synthesis of
bis(trifluoromethylsulfonyl)imide [NTf,]". This fluorinated anion is known to
exhibit strong and stable carbon-fluoride bonds.”* The cation can also have a
toxicological hazard potential. It has been shown that toxicity was increasing with
the length of the alkyl chain.”> However, this chain length effect could be
decreased by adding polar functional groups.”

Ionic liquids were also described as non-flammable and non-volatile for over a
decade. However, some papers highlighted that ILs could be evaporated before
degradation.”>”® Even if their volatility is far lower from those observed in VOCs,
they should now be defined as solvents with low vapor pressure. In the same

manner, most of those solvents are excellent flame retardant. Most of them are
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stable until 300 °C where they usually degrade (deteriorate).”” However some ILs
can be used as combustible.”” Zhang et al. even reviewed ILs as potential fuel for
rockets.”® In a nutshell, risks for environment and humans are generally decreased
using ILs compared to VOCs. However, those properties can be very different

from one structure to another.

b. Price
The question of the price of ILs is a strong issue as they can be 5 to 20 times more
expensive than molecular solvents.®> One should take into account though that they
are still produced in small batch reactors. Chen and co-workers (2014)%°
highlighted that a large industrial scale synthesis could bring the price of
[C;Ciim][HSO4] to less than 5.88 $.kg'1. Moreover, several papers showed that
ionic liquids could be recycled and reused in several steps which would highly
decrease the overall cost and environmental impact of the process.®'" In a
nutshell, large scaled production of more efficient ionic liquids could easily bring
these promising solvents to viable industrial process. This statement is supported

by the wide range of applications in which ILs are involved.

c. A large range of applications

By definition, an ionic liquid is only composed of ions and thus presents a good
ion conductivity.”* It has been reported that ILs could also form large ion neutral
pairs through aggregates.'®’ This phenomenon can be responsible for the decrease
in conductivity since not all the ions are available for charge transportation.
Thanks to the Walden rule reported in 1900, the ability of a salt to form clusters
can be analysed empirically with the following equation:

A X n = constant (6)

where n represents the viscosity of the system and A stands for the molar
conductivity of a compound. A = cMp ' where, o is the conductivity, M is the

molecular weight and p represents the density.

The ability to conduct ions combined with a good electrochemical stability’* make
ILs suitable to be applied in electrochemical devices as demonstrated by several

reviews.”"'%!% It has been shown that ILs could be used as electrolytes to
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transport electroactive ions from one electrode to another during charge and

104,105

discharge in Li-ion and more recently Na-ion batteries.'”"'® Furthermore,

those liquid salts were also used as gel or liquid electrolytes in a large range of

electrochemical devices converting energy into electricity such as fuel cells'”’

108,109

(conversion of hydrogen), solar cells (conversion of UV-light) or

thermocells'' (conversion of a difference of temperature).

Molten salts were mainly used as an electroplating electrolyte thanks to their high
thermal and electrochemical stability as well as for their high conductivity.''""'"?
Because Room Temperature Ionic Liquids present similar characteristics, and
because they avoid the experimenter to heat a system to several hundred degrees,
they are of great interest for the electrodeposition of metals. Condensed a few
years ago in a review, (4bbott et al, Annu Rev Matter Res, 2013),'"* and in a book
(Endres et al. Electrodeposition from ionic liquids, 2008)"'* electroplating of

115 88,116-118

transition metals ~ and more recently of REE was thus highlighted in the

literature.

Catalysis was one of the first application of ionic liquids and was early reviewed
(Welton et al, Coord Chem Rev, 2004).119 The tuneability of these solvents is a
strong asset in the optimization of many parameters influencing chemical synthesis
and catalysis such as polarity and miscibility with molecular solvents and gases.
Drastic changes in the IL properties were reported in mixed IL/Molecular systems.
As a result, many research groups reported great solvent properties for IL used in

additions,'?® substitutions'?' and acid/base catalyzed reactions. '

Finally, one of the main applications of ionic liquids is related to extraction and
separation processes. The tuneability of the polarity and of the functional groups in
ILs is creating remarkable interactions with water and with the compound that
needs to be extracted respectively. Furthermore, ILs are recognized as performant

solubilization solvents and are thus efficient to dissolve inorganic extractants.'”’

As a result, ionic liquids were widely studied for the separation of gases,'**'®

123,126,127

organic acids, cyclic molecules and alcohols, proteins and various

128-132 133-136

biomolecules and metals. The latter represents the main interest of this

work as it will be studied for the recycling of metals present in NiMH batteries.
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[.4 Recycling NIMH batteries

I.4.1 Overview

a. Circular economy

In order to reduce the environmental impact of NiMH batteries several strategies
can be applied: Reuse, substitute and recycle. These methods are part of the

circular economy model and are briefly detailed below:

Figure 1.18. Circular economy defined by ERAMIN project.137

e Reuse of batteries
The aim of this technique is to build a methodology to characterize batteries after
their first utilization. In a second step, function of the performance of the degraded
batteries, suitable new applications are investigated. This concept has been applied
to Li-ion batteries from EV cars'*® but also to NiMH secondary batteries used in
their end of life for stationary applications.”””'*® The main advantage of this

strategy is that no chemicals are used and no wastes are generated.

e Substitution of polluting metals by more sustainable elements
Some research groups have been focusing on the replacement of REE for hydrogen

storage by other less rare and valuable metals. Numerous papers converge towards

magnesium-based alloys because of their high hydrogen storage potential.'*

141,142

Promising results have been reported for Mg-Ni alloys as well as Mg-Ti
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143

alloys.” ™ However the strong stability of the hydride bonding hinders the electrode

to provide a capacity higher than 8mAh/g.'**

e Recycling of metals
Recycling can be defined as the reprocessing of valuable materials from wastes
reinjecting them in a manufacture process or in a supply chain.'* In the case of
NiMH batteries, it is a process allowing the recovery of plastics, the external cage
but mainly of valuable metals from the electrodes. Taking into account the amount
of elements, the price and the environmental impact of metals in NiMH electrodes,
cobalt, nickel and REE need to be recovered from wastes. With the increasing
amount of end of life devices, electronic wastes are now considered as secondary
resources. This denomination is motivated by the concentration of rare metals
present in these wastes that is as high or even higher than those found in natural
56,145

ores. This strategy will be the main concern of the present work and will be

detailed in the following section.

a. French recycling industries

The recycling industry is already a mature technology regarding primary batteries

and acid-Pb secondary devices.

B Acid-Pb ® Treatment 7

g o sites J
! NiMH /Li-ion A )
B Primary Dlsmanll:hng D Industrial
sites on .
batteries Y Partnership

Figure 1.19. Primary and secondary battery recycling centers in France.
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However, NiMH and Li-ion are recent wastes on an industrial scale and need
innovative processes. Few companies are starting to recover metals from devices
mainly lithium, nickel, cobalt and REE. On the national level, France possesses a

dozen of recycling centers spread all over the territory.'*°

To the best of our knowledge, the largest NiMH recycling center is led by SNAM.
In 2010 it passed an agreement with Toyota to recycle batteries from the Prius
model. More recently, the car manufacturer PSA Peugeot Citroén signed a contract
with SNAM for the recycling of metals from NiMH batteries powering the Peugeot
3008 HY4 model.'*” Recupyl® is a company located near Grenoble in the
Auvergne-Rhone-Alpes region, France. It is currently dismantling and recycling
Li-ion batteries by recovering nickel, cobalt and lithium salts. This recycler was, at
the beginning of the project, interested in the recovery of valuable metal from

NiMH batteries.
b. Flow sheet

The following flowsheet highlights different steps followed by the industry to

recover valuable metals from NiMH batteries.
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Figure 1.20. General flowsheet for the recycling of metals from NiMH batteries.
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Metal recycling from NiMH batteries is carried out in four main stages.148 (1)
Mechanical separation is used to dismantle the battery and removal of its outer
shell. In a second step, the electrochemical storage device is crushed. Physical
separation is then applied to the grinded battery. Flotations techniques are usually
used to isolate plastics from metallic parts based on their density differences.
Using the same principle, cyclonic separation, a vortex separation induced by a
steam of gas, can also be used. At the end of the mechanical treatment, a thin
powder composed solely of metals and carbon is obtained. Because of its dark
color, this material is commonly named as the black mass (BM). (ii) The role of
the recycler is then to separate metals from this intermetallic compound.
Hydrometallurgy techniques are firstly used to dissolve the metals in an aqueous
phase. This step is known as the leaching step and allows the recycler to obtain a
concentrated solution of metallic elements. By changing the pH of the solution,
selective precipitation of some metals can induce a preliminary separation. The
remaining metallic species are then separated by solvent extraction. Similarly to
the process of extraction of REE detailed in part 1.2.3, a complexing agent has to
be dissolved in an organic solvent to selectively extract metals. This process uses
significant amounts of Volatile Organic Compounds (VOCs) known for their high
toxicity and flammability. (ii1) Pyrometallurgical process can be used to form
oxides or metals by calcining the black mass. Even if this step does not use large
amounts of chemicals, calcination is consuming high amounts of energy and
allows poor separation of metallic species. In a last step, a (iv) refining process can
be performed. After using pyro and/or hydro-metallurgical techniques, all elements
are reduced to metallic species using a reducing agent or on a more frequent basis
electroplating. It is important to note that this last step is rarely carried out by
recycling companies as those processes are mastered by refining

. . 21,145,148,149
industries.” > "™
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I.4.2 Leaching and precipitation

a. Definition

Leaching

The term “leaching step” used in this work will stand for the dissolution of any
metallic species in an ionic form. In other words, leaching allows the oxidation of
a metal. This is a key step in hydrometallurgy, a technique working by definition
with aqueous solutions. The nature, concentration and temperature of the leaching
solution can change with the type of ores or wastes that need to be treated. In a
hydrometallurgical process, a strong acid is often used as a leaching agent for two
main reasons: (i) Most metallic species are susceptible to undergo hydrolysis at
neutral pH and need an acidic media to exist as a free cation. (i1) Strong acids are
able to fully dissociate, even at high concentrations, allowing the proton to be
reduced to hydrogen while the metal is oxidized. This can be expressed by the

following equations according to the Bronsted-Lowry theory.

K,
HA(sol) pad H(-'.;ol) + A(_sol) (7)

Where HA, H" and A" represent the associated acid, the proton and the conjugated
base respectively. Ka is the acidity constant and describes the strength of an acid
as well as its ability to dissociate. When a metal reacts with a proton from the acid,
provided the metal redox potential is below that of H', the following equation

occurs.

nHeon + Mo = SHa -+ Mo )

Where M represents the metal that needs to be oxidized. n is the oxidation state of
the metal after leaching. Subscripts (sol), (s) and (g) stand for solution, solid and

gas phases.

Precipitation
Precipitation corresponds to the formation of heterogeneous solid particles in a
saturated solution of metal ion. In hydrometallurgy, precipitation stands for the

association of a metal M by a ligand L leading to an insoluble salt ML in an
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aqueous or an organic solution and is described by the following equations. In
aqueous solutions, L is often the hydroxide anion OH™ but may also be another
anion such as SO42', NOs, CI,...).

K
M+Lz2ML )

Where K; represents the solubility product of the metal. This constant is function
of the nature of the solution, the temperature and the concentrations. The stepwise

complexation constant can be written as:

KS — aML ~ 1 (10)

aMsotyXaL(sor) [M](sonyX[L](sop)

Where a stands for the activity of species.
Selective precipitation in metal separation processes will thus take into account the
difference of solubility of one metal species with another species in solution to

perform a full precipitation of valuable elements or of impurities.

b. Application to NiMH batteries

Selective precipitation of REE has been reported during the last decades for the

13051 This step relies on the difference of solubility of REE and

mining technology.
transition metal (TM) in a sulphate media. Briefly, ores can be leached in sulphuric
acid. H,SO4 present two acidities, pKa; (-3.0) and pKa, (1.9) leading to the
formation of HSO4 and SO4* respectively. The pH of the solution is then adjusted
with a base such as sodium hydroxide (NaOH) or potassium hydroxide (KOH)
until a complete precipitation of REE while TM remain in solution as charged ions.
The solubility of such rare earth sodium sulphate salts in water has been reported
to be below 7.10* mol.L™" in water at 20 °C.">* This is thus a simple and efficient
method to obtain pure rare earth elements.

According to this mining technology, some research groups tried to apply the same
principle for the recovery of REE from NiMH batteries. Pietrelli et al. was the first
to report the possibility of leaching and precipitating lanthanides from a real NiMH

battery in 2002.">* However only 70 mol % of REE were recovered because of an
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inefficient leaching step. This process was optimized and adapted to NiCd batteries

. . 155-1
in 2005."** From then, this work was undertaken by numerous researchers.'>> >

[H,S04] Temperature Yield REE

Publications (mol.L") °C) pH precipitation (mol %)

. 0
Pietrelli et al. 2002" 1.5 20 1.5 70
Rodrigues et al. 2009"7 2.5 30 2.5 50
Bertuol et al. 2009'° 6 20 1 98
Innocenzi and Veglio 2011"'° 2 80 1.7 99
Porvali et al. 2017"° 2 30 2 99

Table 1.6. Experimental conditions for leaching and precipitation REE from NiMH
batteries.

The previous table highlights the heterogeneity of the experimental setup used to
achieve a full precipitation of lanthanides. No consensus on the sulphuric acid
concentration (1.5 to 6 mol.L™"), the temperature (80 °C) and the optimal pH for
precipitation was found after 15 years of research. This is most probably linked to
the nature, size, model and dismantling process of the NiMH batteries used in

these studies that provided such different results.

Unlike what Pietrelli et al.">* claimed, the precipitate is not a REE sulphate salt but
an alkali REE sulphate salt where potassium or sodium, depending on the nature of
the base used (NaOH or KOH), is included in the lattice of the salt. This
phenomenon has been characterized, reported and reviewed recently by Porvali et
al.””® The mechanism of leaching and precipitation of metals from NiMH batteries

is thus depicted in the following equations:

Leaching:
+ - 2+ 2—
H(SOI) + HSO4(SO[) + TM(S) g Hz(g) + TM(SOl) + 504(501) (11)
+ - 3+ 2—-
3H(sol) + 3HSO4(SO[) + ZREE(S) d 3H2(g) + ZREE(SOI) + 3504(501) (12)

During the leaching, the metals are oxidized at the oxidation number (II) and (III)
for transition metals and rare earth elements present in NiMH batteries. The proton

of the acid is reduced, leading to the formation of hydrogen gas.
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Precipitation:

Precipitation then occurs when sulphate and REE ions are present in the aqueous
solution. Because sulfuric acid is a diacid, SO4* is predominant when the pH is
higher than 2. Due to the low solubility of lanthanide sulphate salts, the following

reactions occur.

2REEZS ), + 35045;01) — (REE)5(S04)3, (13)
REE(y + 25045, + NaOH — Na(REE)(S0,),, + OHso (14)

The sulphate rare earth complex (REE),(S0,); formed has been described as

152,160

highly soluble in water. The addition of an alkali metal as well as the

increase of the pH allow the formation of a Na(REE)(S0,), salt.
Relying on previous studies, the optimization of the leaching and precipitation of
REE from a real NiMH battery will thus be performed in this PhD and will be

described in Chapter I1.

c¢. Leaching in ionic liquids

Leaching using ionic liquids was recently reported and reviewed'*® in the literature
to avoid or limit the use of corrosive acids, but also to demonstrate the ability of
ILs to oxidize and solubilize a large range of metals. Even if, up to our knowledge,
no leaching of NiMH batteries was performed in ionic liquids, those
unconventional solvents were used for the dissolution of metallic and oxide ores of
gold and silver in the work of Whitehead and co-workers in 2004.'°" Those two
metals are commercially extracted by cyanide salts in alkaline solution which
present a high toxicity and significant environmental hazard. In this paper, for the
first time, an IL, namely 1-butyl-3-methylimidazolium hydrogenosulphate
([C1C4IM][HSO4]) presented an enhanced leaching of Au and Ag compared to an
aqueous solution containing sulfuric acid. Furthermore, the ability of the ionic
liquid to be recycled was highlighted. To prevent the IL from being degraded and
to favor the oxidation of metals, iron(IIl) sulphate was used as an oxidant. This
success has been attributed to the high solubility of oxygen in this solvent, even
higher than in water. This is due to large ion pairing and dipolar interactions

between the oxygen and the anion, influenced by its charge density.'**'"!
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Following this breakthrough, some works reported the wuse of the
hydrogenosulphate anion for the leaching of many other matrices such as brass ash
(Kilicarlsan et al. 2014),'°* Cu and Fe ores (Dang et al. 2009),'®* metals in printed
board circuit (Huang et al. 2014),'°* (Zhang et al. 2018),'®> and REEs in phosphor
wastes (Schaeffer et al. 2017).'%

Some cation also showed promising results for leaching applications. A betainium
cation [Hbet]" composed of a carboxyl group (Figure 1.21) was first synthetized
by Nockemann et al. and used for the complexation of uranyl after being associated
to a NTf, cation.'®” [Hbet][NTf,] was later used for the leaching of REE in (i)

permanent magnets NdFeB (Dupont, Binnemans et al. 2015),'**

169

(i1) phosphor
wastes (Dupont, Binnemans et al. 2015)°" and (iii) bauxite ores (Davris et al.
2016)."™° Finally, in a recent communication,'”" a super-acidic cation (Figure 1.21)
based on sulfamic acid (NH3-SO3) was associated with a [NTf,"] anion in order to
form an IL with a pK, lower than — 7, again showing the potential of ILs to leach

metals.

CH
| ? H3Cj H ﬁ
H3C—T T
CH O /
3 H,C OH
HO
Betainium-based cation Sulfamic acid-based cation
[Hbet]* [N,,HSO,H]*

Figure 1.21. Efficient cations for the leaching of metals [Hbet]" and [N,,HSO3H]".

1.4.3 IL-based Liquid-liquid extraction

a. Definition
Liquid-liquid extraction (LLE) also called solvent extraction can be defined as the
difference of distribution of two components, in this work metallic ions between

two immiscible liquid phases.'”

The two solvents are in equilibrium each other
and allow the separation of elements based on the difference of their chemical
potential (p). Starting from a species A in a solvent 1 (soll) partitioning in two

solutions after LLE using a solvent 2 (sol2), the following equation can be written:
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et = et s)
ut = uY + RT InaA (16)

Where s,” and a stand for the standard chemical potential and the activity of
species respectively. R and T represent the gas constant (8.314 J.mol.K™") and the

temperature (K). Combining the two previous equations leads to:

Uyt + RT Inad® = py*° + RT In aA*o®? (17)
0,sol1 0,s0l2 sol2
S ad
exp(A——F*—)=—z =D (18)

Where D is known as the distribution ratio. It is expressed as the ratio of the
activities of a species partitioning in two solvents. The higher will be the
distribution coefficient, the better is the ability of A to be extracted from soll to
sol2. However, in the case of liquid-liquid extractions from an aqueous phase to an
organic solvent, the concentration of species is often only measured in the aqueous

media. The distribution ratio can thus be written as a difference of concentration as

follows:
D= aAsol2 . [sol2] _ ngor2 x Vsol1 __ ([sol1]; - [SOIl]f) X Vsol1 x Vsol1 (19)
aAsol [sol1]  nsonr  Vsolz [sol1]f X Vsoin Vsolz

[sol1]; — [soll]f Vsol1

D =
[soll]f Vsolz

(20)

Where Vo1, Vsorz and nge1, nsorz stand for the volumes (L) and the quantity of
matter (mol) of the aqueous and the organic phase respectively. [soll]; and [soll]s
represent the initial and final concentrations of the species in solvent 1 (here the

aqueous phase) respectively.

To follow the yield of the reaction, extraction efficiency (%FE) can also be

calculated and is expressed in the following equation:

[soll]f
0 — —_
WE = (1 [Sou]i) X 100 (21)

D equals to 1 is similar to a %E of 50 % if the volumes of both phases are equal.

Finally, to describe the separation of two metals, a separation factor £:

D
By =3 22)
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With two species A; and A; in a solvent | extracted in a solvent 2 ranging in two
distribution coefficients D; and D, respectively. A high separation factor will stand
for an important difference in distribution ratios.

A macroscopic view of a Liquid-Liquid extraction of a yellow metal M; from an

aqueous phase to a hydrophobic ionic liquid is presented in Figure 1.22.

Before Extraction / After Extraction

Lo lonic Liquid
lonic Liquid M,
Aqueous phase

M, Aqueous phase

Figure 1.22. Macroscopic view of an IL-based liquid-liquid extraction of metal.
Ce(IV) in nitric acid and [C|C4Pyrr][NTf,] are used for the aqueous and ionic
liquid phases respectively.

b. Extraction of metals with hydrophobic ionic liquids

We have highlighted in part 1.2 of the manuscript that the extraction process of
metals is industrially undertaken starting from an aqueous solution where metals
are concentrated with the help of a strong acid. Then an organic solvent (kerosene,
toluene, heptane etc...) is used for its low polarity and low solubility towards
water. An inorganic ligand (Cyanex or [HDEHP]) is diluted in the solvent to form
a complex with a metal and thus extract it from an aqueous phase towards the
organic solvent.””"*

Those processes have major drawbacks towards their safety and their
environmental impact. Firstly, most nonpolar organic solvents such as kerosene are
known for their high volatility and flammability' . Furthermore those VOCs were

174,175

designated as toxic compounds in numerous publications. In this work, we
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have chosen to work with safer and less toxic compounds, namely ionic liquids.
Please refer to part 1.3 for more information.

Even if the complexation of metals in ionic liquids started around 1985 with the
work of Lipsztajn et al,'’® dealing with Fe, Nd and Li in an aluminum chloride IL,

Sheng Dai et al."”

were one of the first to report, in 1999, an IL-based LLE by
demonstrating the ability of strontium to be extracted as a nitrate complex in
[C1C4IM][NTHT;]. In the early years of liquid-liquid extraction using ILs, scientists
were strictly replacing VOCs with an IL in an extracting process. Therefore,
researchers were diluting extractants in the solvent in order to induce metal
extraction.'”™'”’ This was even performed with Cyanex, a famous selective
extractant of REE and TM, which was diluted in ILs to achieve the separation of

. 1180 .. 181
lanthanides ®" and actinides.

But, because ILs are charged species and because
this induces unique interactions with metal ions, it was quickly reported that these
molten salts could replace not only VOCs but also the extractant. In other words,
ILs are able to extract metals as pure liquid phase. Extraction of metals from an
aqueous solution to a pure ionic liquid phase thus started to be shown in numerous
papers and was reviewed by (Dietz et al. 2011),'> (Abbott et al. 2011),"** (Janssen
et al 2015),"** (Billard. 2013)"*° and very recently by Schaeffer and co-workers in
2018."*® Because a huge amount of combination of ILs and metals can be created,
the number of papers dealing with metal extractions in pure ionic liquid is large.
As far as we are concerned by the recycling of metals from NiMH batteries, Table
1.7 will review the most striking articles dealing with the extraction of metal ions

(Ni, Co, Mn, Fe, La, Ce, Nd, Pr) that can be found in these electrochemical devices

using pure ionic liquids.
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Metal Matrix Ionic Liquid Optimum D Authors
Ni NiMH [Pess14][Cl] 0.06 Larsson and Binnemans 2014'%
Salt [Pess12[Cl] 0.01 Wellens et al. 2012'%*
Salt [THN][NTf] 0.1 Boudesocque et al. 2016'%
Salt [BuGBOE(][NT®,] 0.5 Zhou et al. 2014'%
Salt [C,C,IM][PF] 0.01 Visser et al. 20017
Salt [C6C1IM][PFq] 0.02 Visser et al. 2001'"
Salt [BuGBOE(][DCA] 80 Zhou et al. 2014'%
Salt [THN][DCA] 50 Boudesocque et al. 2016'%
Co NiMH [Psss14][C1] >100 Larsson and Binnemans 2014'%
Salt [Pess14l[Cl] 120 Hoogerstraete et al. 2013'%"
Salt [Pess1al[Cl] 450 Wellens et al. 2012'%*
Perm. Magnet [Pess14][NO;] 0.01 Hoogerstraete et al. 201488
Salt [BuGBOE(][NTf] 0.1 Zhou et al. 2014'%
Salt [C,C,IM][PFq] 0.01 Visser et al. 20018
Salt [C4C IM][PFq] 0.02 Visser et al. 20018
Salt [BuGBOE!][DCA] 70 Zhou et al. 2014'%
Fe NiMH [Pees14][C1] > 100 Larsson and Binnemans 2014'%
Salt [Nigss][C1] 70 Rios et al. 2010"%°
Salt [Pess14l[Cl] 1000 Hoogerstraete et al. 2013'%"
Salt [C4C{IM][NT£] 0.1 Rios et al. 2010'%°
Salt [C4C1IM][PF] 0.06 Visser et al. 2001'"®
Salt [C6CiIM][PFq] 0.08 Visser et al. 2001""®
Mn NiMH [Pees14][C1] > 100 Larsson and Binnemans 2014'%
Salt [Pess14][C1] 10 Hoogerstraete et al. 2013'%"
La NiMH [Pess14][C1] 0.05 Larsson and Binnemans 2014'%
Salt [Pess14][RoPOO] 120 Rout and Binnemans 2013"°
Salt [Pess14][SCN] 0.02 Larsson and Binnemans 2015""
Salt [Nisss][SCN] 0.5 Larsson and Binnemans 2015"!
Salt [C4C,IM][C4SO;] 80 Kozonoi and Ikeda 2007"?
Ce NiMH [Pess14][C1] 0.06 Larsson and Binnemans 2014'%3
Salt [C5C IM][PF4] 80 Zuo et al. 2008*®
Salt [Pess14][SCN] 0.1 Larsson and Binnemans 2015""
Salt [N1sgs][SCN] 1 Larsson and Binnemans 2015""
Nd NiMH [Pess14][C1] 0.09 Larsson and Binnemans 2014'%
Salt [Psss14l[SCN] 0.5 Larsson and Binnemans 2015""
Salt [C,C4Pyr][CsPO,H] 100 Zarrougui et al. 2016'"®
Pr NiMH [Pess14][C1] 0.07 Larsson and Binnemans 2014'%3
Salt [Psss14][SCN] 0.3 Larsson and Binnemans 2015""
Salt [Nigsg][SCN] 4 Larsson and Binnemans 2015"!

Table 1.7. Striking examples of pure hydrophobic ILs used in extraction of metals.
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It is interesting to notice that all metals found in NiMH batteries have been studied
in extraction experiments using pure hydrophobic ionic liquids. However, even if
there is a strong selectivity between Rare Earth Elements and Transition Metals,°
it seems that very few ILs are able to isolate REE one from another. Extraction of
those 4f elements with IL leads to poor distribution ratios. However, an innovative

work was presented by Rout et al. 2013"°

where the classical hydrophobic cation
[Pessia]. provided by Cytec (Solvay) was combined to a bis(2,4,4-
trimethylpentyl)phosphinate [R,POO]". This IL extracted lanthanum with a distribution
coefficient close to 120. This was explained by the ability of phosphinate anions to
complex lanthanides. They are the main complexing group found in Cyanex for REE
extraction. This principle was also successfully exploited by Zarrougui et al. for the
extraction of neodymium with an octylphosphite anion grafted to a pyrrolidinium cation
([C,CgPyr][CsPOsH]). Phosphorus based anion thus seems to be promising complexant
of REE. One of the highest extraction yield was obtain for cerium with
[CsCIM][PF¢] and 4 mol.L" of nitric acid.*® However, this result should be taken with
care because the hexafluorophosphate anion is able to degrade in presence of acid. As a
result, the highly corrosive and toxic hydrogen fluoride (HF) can be formed. It is thus of
little interest to replace VOCs by harmful, dangerous chemicals.

Regarding transition metals, the literature is abundant. One the one hand chloride-
based ionic liquids seem to extract efficiently iron, manganese and even cobalt
resulting in a poor selectivity of those three metals.'™'®” On the other hand,
bis(trifluoromethylsulfonyl)imide ILs present distribution coefficient lower than 1
for all TM. Cobalt and nickel present similar chemical properties and are
incredibly hard to separate one from another in purification processes.** When Co
and Ni are extracted towards pure ionic liquids containing the same cation but
[NTf;]” or [DCA] anions, they follow the same extraction trend exhibiting D
below 0.5 and close to 40 accordingly. However, Wellens et al. managed in 2012
to obtain a quantitative separation of Ni*" and Co®" based on the difference of the
complexation constant of those two cations towards a chloride ligand. As a result,
they had to use around 8 mol.L™" of hydrochloric acid to form a [CoCl4]*" complex
extracted from the aqueous solution to the [Pgsei4][Cl]. In other word, the
concentration of acid has an impact on the speciation of the metal and thus on the

extraction yield.



71 | Chapter I | State of the Art
This brings us to the question of the extraction mechanism of metals in pure ionic
liquid linked to (i) the interactions between the IL and the metal and (ii) the

speciation of the metallic species in solution.

c¢. Extraction mechanism of metals in pure ILs

The ionic nature of ILs brings new opportunities of speciation, complexation and
extraction compared to classical VOCs."** Two main extraction mechanisms can

occur in those systems and will be depicted in the following equations.

lon Pair:

[Cat][Ani] + MON* + (ON)A™ 2 [Cat][Ani] + [MA,,,] (23)

ITon Exchange:

(x — ON)[Cat][Ani] + MOM* + xA™ 2 [Cat]-on)[MA,] + (x — ON)Ani~  (24)

Where species expressed under a bar means they are located in the organic phase.
Considering an ionic liquid made of a cation Cat’ and an anion Ani’, a metal M
having an oxidation number ON can form a neutral complex with an inorganic
anion 4". This species can be in the aqueous solution by addition of salt or acid. In
ion paring mechanism, the metal form a neutral complex that can be extracted in
the organic phase while in ion exchange, a negatively charged complex is formed
(x > ON). This complex is extracted in the IL phase and binds with the cation of
the molten salt. In order to respect the electroneutrality of the solution, Ani™ is
expelled to the aqueous phase. If the anion in water is different from the one in the

IL, this can cause a degradation of the solvent.

1.4.4 1IL-based Aqueous Biphasic Systems (ABS)

a. Fundamentals of IL.-based ABS

With the aim of developing new extracting techniques of proteins, Albertsson
reported in Nature the first aqueous biphasic system in 1958 using hydrophilic

polymers. 193
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A definition of Aqueous Biphasic System was given by Freire et al. in a review
from 2012."* They were briefly defined as two fully water soluble compounds
that, in some specific concentration and temperature conditions, can form two
immiscible aqueous phases. Soluble compounds can be either a polymer or a salt
leading to polymer-polymer, salt-salt or polymer-salt ABS. One of the phase will
be defined as an aqueous-rich phase while the other will be a salt or polymer-rich
phase.' In this work we will be interested in salt-salt ABS and more precisely IL-
based ABS. We will define them as:
e An ionic liquid and an inorganic salt that are, for a fixed concentration,
pressure and temperature soluble in water when dissolved separately, but

forming two immiscible liquid phases when mixed together.

To make a clear distinction between hydrophobic ionic liquids mixed with water
forming a unique phase and IL-based ABS, two additional criteria are added:
e The concentration of ionic liquid must be superior to 3 wt. %.

e The concentration of water must be superior to 15 wt. %.

IL-based ABS were firstly proposed by Gutowski, Rogers and.'” They present the
advantage of containing high amounts of water lowering the viscosity of the
system. Furthermore, toxic fluorinated anions or long alkyl chain cations used to
increase the hydrophobicity of ILs in classical liquid-liquid extractions are
removed and replaced by short cation and inorganic hydrophilic anions. As a

result, ILs used in ABS are cheaper and safer.

Figure 1.23.A represents a typical phase diagram of an ABS. The binodal curve in
blue represents the limit between a monophasic and a biphasic system at a fixed
temperature and can be measured experimentally by titration. The curve is
expressed function of the weight percentage or the molar percentage of the salt and
the IL. The third component, namely water is not expressed but can be calculated
by the following equation.

wt. % water = 100 — wt. % IL — wt % salt (25)
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Figure 1.23. A: Typical phase diagram of an ABS. Binodal curve in blue. Tie lines
in red. B: Thermomorphic behaviour of an ABS. Red and blue lines, binodal
curves for LCST and UCST systems respectively.

Any mixture point M, in the biphasic area can be represented by theoretical tie line
where U, and L, represent the composition in ionic liquid, salt and thus in water of
the upper phase and the lower phase respectively. Any mixture prepared on the
same tie line will lead to similar phase composition and distribution coefficient in
the case of extraction. However, they will have different volumes and densities.

ABS are also very sensible to temperature. Two antagonist systems can be found,
Lower Critical Solution Temperature (LCST) and Upper Critical Solution
Temperature (LCST) tend to form immiscible phases by heating and cooling down
the system respectively. Those thermomorphic behaviours are represented in

Figure 1.23.B.

b. Mechanism of formation

The mechanisms inducing the formation of a biphasic system starting from two
hydrophilic compounds mixed in water are multiple, complex and not always well
understood.®> Among them the salting-out effect plays a major role in the phase
demixing. The ionic liquid is partitioned between two phases due to the charge
density of the counter anion of a salt. On the one hand, high charge density salts

194 On the other hand due to the

are able to form large hydrated complex.
delocalized charge on ionic liquid cations, they are weakly solvated by water. As a
result, water will preferentially bind with the inorganic salt and will be expelled
from the IL-rich phase. Based on this observation, the “salting-out efficiency” of

many salts was analysed and compared empirically in the Hofmeister series.
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[PO,J" < [SO4] < CI" < Br <[NOs]” < T <[CIOJ] < [SCN] < [NTf] ./ %%
The ability to induce a biphasic system can be defined as the minimal necessary
amount of a compound A to induce a biphasic solution at a fixed temperature and
fixed concentration of a compound B. In this case, using a similar IL, potassium
phosphate salt (K3PO4) will be more likely to induce a phase separation than
potassium chloride (KCI) or even potassium iodide (KI). This phenomenon has
been studied in IL-based ABS by (Shahriari et al. 2012)."°

The choice of the ionic liquid also has a strong impact on the phase separation of
an ABS. The impact of the cation in chloride-based ILs on the formation of an
ABS induced by a K5PO, salt was studied by Neves et al. 2009."°7 As a result, the
longer the alkyl chain, the more hydrophobic the IL and the stronger was the
ability of the system to induce a phase separation. The series [C¢C;IM][CI] >
[C7H,CIM][CI] > [C4CiIM][CI] = [C,CIM][CI] > [C,CIM][CI] = [CoIM][CI] >
[CiIM][CI]] > [IM][CI] was established based on the ability of long alkyl chain
cations to expel water from their chemical environnment.'”’

Similarly, the influence of the anion in IL-based ABS was studied by the same
group in a different publication with [C,C;IM]" ionic liquids in ABS induced by a
K3POy, salt.'”™® A strong correlation between the hydrogen bound basicity and the
ability to induce a phase separation was highlighted. This relies on previous
studies showing that the higher the hydrogen bond acceptance nature of ILs, the
lower the ability to form water-based complex and thus the higher the ability to
199-201

separate the IL from an aqueous phase.

series can be established. [C,CIM][CF3;SO3] > [C,C,IM][DCA] >

In line with the previous statement, a

[C>C1IM][CH;3S04] > [C2C1IM][Br] = [C,C{IM][CI] > [C,CIM][CH3CO,] 51

c. IL-based ABS for recycling metals in NiMH batteries?

These emerging systems were widely studied in separation process. However, they
were applied for the separation and purification of proteins, DNA, active
ingredients and a large range of other (bio)molecular compounds.'*3*!1%4

But the neutral and sometimes basic pH of these systems hinders the ability of IL-
based ABS to extract and separate metals as they are susceptible to undergo
hydrolysis in such conditions. Furthermore, metals are mostly found in acidic
media in recycling and extraction processes because of the leaching step. This

topic was reviewed by I. Billard in a recent book chapter.'”’ Regarding metals



75 | Chapter I | State of the Art

found in NiMH batteries, namely Ni, Co, Mn and Fe for TM and La, Ce, Nd and Pr

for REE, only a very few articles were published and are reported in Table L.8.

Metal Matrix Ionic Liquid Optimum D Author
Ni Salt [Hbet][NTH] 0.08 Hoogerstraete et al. 20132%
Salt [Ny;hem][NTH] >1 Blesic et al. 2014*"
Salt [P4as14][C1] 0.1 Onghena et al. 2016>%
Co Salt [Nyhem][NT£] >1 Blesic et al. 2014*%
Salt [Paa12][C1] 100 Onghena et al. 20162%*
Fe - [C4C,IM][FeCly] - Xie et al. 2011%°
Bauxite Ore [Hbet][NTf] 10 Onghena et al. 20152%°
Mn Salt [Hbet][NTH] 0.08 Hoogerstraete et al. 20132%
La Salt [Hbet][NTf,] 10 Hoogerstraete et al. 201329
Bauxite Ore [Hbet][NTH] 0.01 Onghena et al. 20152%°
Ce Salt [Hbet][NTf] 0.01 Onghena et al. 20152
Nd Salt [Hbet][NT1,] 10 Hoogerstraete et al. 20132%2
Bauxite Ore [Hbet][NTH] 0.01 Onghena et al. 20152%°
Salt [Hbet][NT1,] 10 Hoogerstraete et al. 20132%7

Pr - - - -

Table 1.8. IL-based ABS used for the extraction of metals found in NiMH
batteries.

The betainium functionalized bis(trifluoromethylsulfonyl)imide ionic liquid, namely
[Hbet][NTf,] was widely studied as an IL-based ABS in several works. Even if this
system is not extracting nickel and cobalt, extraction of iron was successfully achieved
from a bauxite ore.””® In this work iron and scandium are thus separated from other
REE that present low extraction yield. However, Vander Hoogerstraete et al. 2013
manage to achieve higher distribution coefficients (D = 10) for light REE namely
neodymium®”’ and lanthanum®***°” by adding a zwitteronic betaine in the solution. A
new (hydrazinocarbonylmethyl)trimethylammonium
bis(trifluoromethylsulfonyl)imide ionic liquid, based on the Girard’s reagent, named
[Nohem][NT£,] was synthetized by Blesic, Seddon and co-workers.**> Macroscopic
snapshots were reported, a quantitative extraction of both nickel and cobalt was shown,
highlighting an interesting new extracting system but no selectivity between these two

204
6.

metals. However this difficult task was carried out by Onghena et al. 201 Relying

on the work of Wellens et al. 2012'** the hydrophobic [Pese14][C1] IL was replaced by
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the fully miscible in water [Pa4414][Cl] IL. Furthermore, the chloride complexation of
cobalt, performed with hydrochloric acid in the work of Wellens and co-workers was
induced by sodium chloride (NaCl). As a result, the separation factor of cobalt from
nickel, SS9 was reported to be 1000. To conclude, extraction of metals through IL-
based ABS is in its early stage. Hydrolysis of the metal, potential addition of the
acid, partition of the compounds and selectivity of valuable metals are still pending

issues.

1.4.5 Electrodeposition in ionic liquids

a. Principle
As described previously a metallic ion can be extracted and loaded in a
hydrophobic ionic liquid via liquid-liquid extraction (see part 1.4.3) and/or via
Aqueous Biphasic systems using hydrophilic ILs (see part 1.4.4). The
concentrated metallic ion can then be removed from the IL to an aqueous phase by
back extraction and can be eventually precipitated as a salt. However, a different
strategy relies on the reduction of the metallic ion in the ionic liquid to a metal in
order to recover pure metallic valuable elements. This can be obtained by
electrodeposition in IL by inducing a potential difference between two
electrodes.””® Tonic liquids are solely composed of ions which thus make them
promising solvents for any charge transportation (see part 1.3.3).'” Furthermore,
they are also known to have wide electrochemical windows (4Ew). An
electrochemical window can be defined as the range of potential where no
electrochemical reaction takes place with the solvent species. This value can go to
4.5-5 V vs NHE in ILs containing NTf, anions and is much higher than what can
be undergone in aqueous solutions (1.23 V vs. NHE).'"***® However no official
rule exists to describe the degradation of an IL because oxidation and reduction of
species from the solvent are not well established in terms of nature, mechanism
and thermodynamic. Furthermore, overpotentials of the reactions are related to the
electrode materials and are rarely taken into account. From one paper to another,
AEw is thus set at different current density values and remains hardly

21
comparable.?'’
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In any case, this large electrochemical stability is a strong asset in the reduction of
cations. This is the case of REE having low standard reduction potential (E®). This
thermodynamic calculated value stands for the potential when a known metallic
ion can be reduced in some specific conditions. According to Bard et al. 1985,*"
standard reduction potentials are always lower than -2.29 V vs NHE for all light
REE studied in this manuscript when reduced from their third oxidation state to a

metal (Ln(III) — Ln(0)).

Generated by a potentiostat, electrons (e’) move to an electrode soaked in the
solution concentrated in metallic cations (M" O+) in order to reduce them to a metal
(M) according to the following equation.

MON* + (ON)e™ » M (26)

ON represents the oxidation number of the metallic cation before reduction.

A three-electrode array setup is often used. The potential of the working electrode
(WE) is expressed relative to the potential of the reference electrode (RE). No
current is going through the latter electrode. While inducing a negative potential,
electrons are able, at the interface between the WE and the IL, to reduce metallic
cations. At the counter electrode, the reverse process takes place. A schematic
view of the use of electrodeposition in ionic liquids in a recycling process is given

in Figure 1.24.
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Figure 1.24. IL-based electrodeposition, as part of a recycling process.

The idea of using a tool such as electrodeposition in ionic liquids relies on the
ability to recover pure metals, presenting higher price and interest than precipitated
salts. But it is also to perform a regeneration of the solvent. The IL can be cleared
from metallic species during the electrodeposition process and can thus be reused
again in an extraction step. As mentioned by Plechkova and Seddon, being able to
reuse the solvent is a highly efficient strategy to decrease the overall price of ionic

liquid processes.™

b. Electrodeposition of REE and TM in ILs

Electrodeposition of metals in ionic liquids was reviewed by Abbott and co-
workers in 2006*'* and 2013'" but also by Liu et a.l in 2016.>"> Similarly to what
has been presented for hydrophobic liquid-liquid extraction (Table 1.7) and for IL-
based ABS (Table 1.8), the most striking reported data on the electrodeposition of
REE and TM present in NiMH batteries will be presented in Table 1.9 i.e La, Ce,
Nd, Pr, Co, Ni, Mn, Fe. Standard reduction potential for each metal from the third
and second oxidation state to the metal for REE and TM respectively will also be

reported according to the book from Bard et al.*"!
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Applied
Metal E’vs NHE Ionic Liquid Potential Authors
vs NHE
Ni -0.25 [C,C,IM][CT] -0.55 Carlin et al. 1998*'*
[C,C,IM][DCA] -1.1 Deng et al. 2008*"°
Co -0.28 [C4C{IM][NT£,] -1.0 Katayama et al 2005>'
[C,C,IM][CT] -0.55 Carlin et al. 1998*'*
[C,C IM][CI] - Yang et al. 2008*""
Fe -0.44 [C,CIM][CI] -0.65 Carlin et al. 1998*'*
[C,CIM][CI] - Endres et al. 2003*'®
Mn -1.19 [C4CPyr][NTHf,] -1.5 Deng et al. 20072"°
[C4CPyr][NTH] -13 Chang et al. 2008*2°
La -2.38 [Ny 14][NTH] 2.5 Bhatt et al. 2005>*!
[C4C,Pyr][NTHf] 2.9 Bourbos et al. 2015%%
[C4C/Pyr][NTf] -13 Legeai et al. 2008""
Ce 237 [N} 14][NTH] 2.3 Hatchett et al. 2013**
Nd 232 [P225][NTH] 2.8 Kondo et al. 20127
[P2205][NTH] 2.4 Matsumiya et al. 2014%2°
[CsC,Pyr][CsPOsH] 22 Zarrougui et al. 2016'"®
Pr - - - -

Table 1.9. Striking examples of pure ILs used for electrodeposition of metals.

Mostly all light REE found in NiMH batteries were recovered from ionic liquids
by electrodeposition. Most of the ILs used are based on the [NTf,] anion due to its

2217225 The applied potential to induce the reduction

wide electrochemical window.
of lanthanides(Ill) to a metal is in general close from their standard reduction
potential. This value is not shifted to lower potential due to the weak interactions
between metals and NTf,. The low affinity of metal cations with
bis(trifluoromethylsulfonyl)imide was highlighted by Bortolini et al. 2015.2*°
However, looking at the characterization of the deposits, the major drawback of
most studies is linked to a contamination in fluoride and sulfur. This phenomenon

117,222,223 _ . . .
“77%7 via Energy Dispersive Spectroscopy

is clearly seen in several studies
(EDS) from Scanning Electron Microscopy (MEB). As an example, Hatchett and
co-workers™* reported that their lanthanum deposit was polluted with 16 wt. % of
fluoride and 13 wt. % of sulfur. These two elements were described to be linked to
the absorption of the IL on the deposit however they are also highly susceptible to

be a result of the degradation of bis(trifluoromethylsulfonyl)imide and thus lead to
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the issue of the real electrochemical window of ionic liquids.?'” As a result, these
metals can’t be recovered in industrial process by electrodeposition.

Manganese(Il) was also reduced in [NTf;]-based ionic liquids in order to form
manganese coatings for supercapacitor electrodes.?’” It has been shown that
crystallization and thus the particle size is linked to the overpotential.**°

Cobalt was successfully deposited in [NTf,]*'® and [C1]*'**? based ILs while nickel
was reduced in [C1]*"* but also [DCA]*"” based ILs. The latter dicyanamide anion
was chosen because of its low viscosity but especially because it is a Lewis base
having good ligand properties and thus strong ability to dissolve transition
metals.'"> The physicochemical properties of a large range of [DCA]-based IL was
highlighted by MacFarlane et al. 2002.**®

The IL-cations are usually made of short alkyl chain (butyl and methyl)

214-216,218,227

imidazolium or pyrrolidinium''"118219-220-222 £51 their relatively low

224,225

viscosity and good ionic conductivity’”®. However some phosphonium and

ammonium?2!?%3

cations were used, for REE electrodeposition for their enhanced
electrochemical stability.

Finally, a smart and innovative full process of extraction and electrodeposition of
neodymium was performed by Zarrougui et al. 2016''* with an 1-octyl-1-
methylpyrrolidinium octylphosphite ionic liquid, namely [CsC,Pyr]|[CsPOsH]. Even if
this work does not show the ability of the solvent to isolate one metal from another, it is
a great example of the potential of ILs to extract and reduce metals by liquid-liquid

extraction and electrodeposition.
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[.5 Specification of the study

Nickel metal hydride batteries are currently the dominating technology not only for
portable tools but also for Hybrid Electric Vehicles as 70 % of HEVs are powered
by NiMH batteries.'® These electrochemical systems are composed of two
electrodes soaked in a potassium hydroxide electrolyte. The positive electrode is
composed of nickel hydroxide. The negative electrode can be manufactured using
several binary alloys, the so-called ABs material being the most popular and
efficient one. It will therefore be the material treated in this work. In ABjs, the
letter A stands for Rare Earth Elements. From the most to the least concentrated
metals, ABs contains lanthanum, cerium, neodymium and praseodymium, the latter
being only present as traces. Letter B stands for transition metals, that is, mainly
nickel and cobalt with smaller amounts of manganese. The overall negative
electrode is often deposited on a nickel-iron alloy.*"** As a result, two main
categories of metals are present in the active material of a battery, namely
Transition Metals (Ni, Co, Mn, Fe) and Rare Earth Elements (La, Ce, Nd, Pr).
Since 2010, the European Commission® has defined REE as critical raw materials,
since more than 97 % of the production is Chinese and only an average of 3 %
were recycled in 2017.%® Furthermore, extracting techniques of REE are extremely
polluting using inorganic ligands dissolved in volatile organic compounds (VOCs)
such as kerosene, toluene, heptane...etc.”*”> The production and supply of REE
cause violent geopolitical, health, economic and environmental issues.” Some
transition metals can also have high rate of criticality. This is the case for cobalt,
mainly produced with low yields in DR Congo from copper and nickel ores.
Because of the increasing need of Co, in NiMH batteries but also and mainly in Li-

. . . 42
ion battery, cobalt raises awareness of numerous countries.

One solution to tackle this issue is to develop a recycling process of valuable
metals from used NiMH batteries with a low environmental impact. Toxic volatile
organic solvents will thus be replaced by safer and greener ionic liquids. The
present work will be achieved in compliance with the specifications established

between the research laboratory LEPMI and the Recupyl® recycling company:
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e The main goal of this work is to build a flow sheet for the recycling of

metals from NiMH batteries by ionic liquids.

e The work will be carried out with model solutions and with real end-of-life
NiMH batteries collected, discharged, shredded and grinded by the

industrial partner.

e The first part of the project is to isolate the two main categories of elements
found in NiMH batteries, this is to say, Rare Earth Elements and Transition

Metals using classical hydrometallurgical process.

e Relying on previous studies regarding Liquid-Liquid Extractions (LLE),
Aqueous Biphasic Systems (ABS) and electrodeposition with Ionic Liquids
(ILs), effort will be made to develop innovative methods in order to

separate TM from REE and each metal from one another.

e Some paths to the evaluation of the overall environmental impact of the

process should be given.



83 | Chapter I | State of the Art



84 | Chapter II | Separation of Transition Metals from Rare Earth Elements

CHAPTERII

Separation of Transition Metals from

Rare Earth Elements
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I[I.1 Introduction

Chapter 1 highlighted that NiMH batteries are increasingly used for
electrochemical storage as 70 % of hybrid cars are powered by this technology.'®
They contain large amounts of valuable metals, mainly transition metals, Ni, Co
and Mn but also rare earth elements, La, Ce, Nd and Pr considered as highly
critical materials by the European Comission.*® To tackle this issue, a recycling

process of metals from NiMH batteries will be investigated in this work.

This Chapter will firstly be devoted to the preparation and mechanical treatment of
batteries. This will allow to fully identify and characterize the valuable
components of real end of life devices. In a second part, the leaching of the
battery, this is to say, the dissolution in an aqueous solution containing an acid will
be performed. Those investigations will separately be carried out with (i) a spent
battery open in a laboratory scale to understand all fundamental mechanisms and
(i1) a mixture of several spent batteries to reach a more industrial process.
Separation of rare earth elements and transition metals will be undergone in
Chapter 3 and 4 respectively using ionic liquids (ILs). Those unconventional
solvents were reported in the literature to be potential efficient extractants of ionic
metallic species.*>'**!%° This is why, with the aim of developing a simultaneous
oxidation and extraction step, ILs will be investigated as potential leaching phase
in a third part. Finally, the last part will be devoted to the separation of the two
main families of metals, this is to say transition metals and rare earth elements by

selective precipitation.
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II.2 Preparation and mechanical

treatment of N1MH batteries

I1.2.1 Laboratory scale black mass production

a. The commercial battery

In order to recycle metals from an end-of-life battery, the first step is to be able to
open the electrochemical device and to recover the electrodes where the valuable
metals can be found. This part of the process was firstly carried out at a laboratory
scale with a commercial NiMH battery used in portable tools. Commercial

batteries provided by SUPPO® were used to optimize our recycling process.

Characteristics

Battery type NiMH

Brand SUPPO
Reference HPYSC1.5
Geometry Cylindrical

Height 4.0cm
Diameter 2.3cm
Weight 409
Voltage 1.2V

Capacity 3000 mA.h

Figure II.1. Characteristics and snapshot of the commercial NiIMH batteries from
SUPPO®
Those batteries referenced as ‘HPY-SC1.5” by the company SUPPO® were
commercially used in vacuum cleaners and are considered to be in an end-of-life
state. They are organized as cylindrical 4.0x2.3 cm? cells (See part 1.1.3) weighing
40 g each.

For safety reasons, before manipulating the batteries, they were plugged to a

resistance during 48 hours to achieve a complete discharge of the system. The
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voltage was checked with a multimeter to confirm that the discharge has been

successfully carried out.

In a second step, the two sides of the secondary battery, namely the positive and
the negative terminals were sawed under a hood. According to what was reported
in CHAPTER I, regarding cylindrical NiMH batteries, we can observe the layers
of electrodes and separator rolled together. No leaks of KOH electrolyte is noted as
they are considered as mostly dry systems.? Extremities of the sawed battery are

represented in Figure 11.2.

Figure II.2. Snapshots of a NIMH commercial battery with sawed extremities. A:
The battery is sawed. B: Positive terminal. C: Negative terminal.

From this step, it is possible to push the remaining positive terminal and to extract
the rolled electrodes from their outer shell. Layers of negative electrode /

Separator / Positive electrode can be found.

Negative
electrode

| Isolating
tube

7 Separators

Positive
electrode

Metallic
grid

Figure I1.3. View of a NiMH battery after isolating electrodes and separators.
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The negative electrode is deposited on a metallic grid and can easily be scraped in
order to recover the active material. The latter is under the form of a thin black
metallic powder and is usually named by recycling industries as Black Mass (BM).
The negative electrode is the most valuable piece of a NiMH battery as it is, after
discharge, an intermetallic compound containing up to 20 and 15 atomic percent of
rare earth elements and cobalt respectively for ABs binary alloys.”' REE and Co
are now described as highly critical metals (see part 1.2) and need to be recycled.

Therefore, only the intermetallic elements will be treated in this section.

b. Purification and characterization

The separator as well as the positive and negative electrodes were qualitatively
analysed by Scanning Electron Microscopy using imaging via Backscattered
Electron (BSE) and semi-quantitatively evaluated via Energy Dispersive X-Ray
Spectroscopy (EDS). ANNEX 1-A will be devoted to details on the electronic

microscopy experiments.

MAG: 200 X t 1 mac: + MAG: 400 x

Figure I1.4. SEM images of different NIMH battery components using BSE. A:
Positive electrode (magnification X200). B: grid (magnification X30). C:
Negative electrode (magnification X400).

Ni(OH), at the positive electrode appears to be under the form of micrometric
particles deposited on an organic woven material. Because metals present higher
molar masses than organic compounds, the active material is represented by white
spots in Figure II.4-A. Figure I1.4-B and C represent the metallic grid and the
negative electrode active material respectively. The manufacturing technique of
the metal hydride found in the negative electrode is in full accordance with the
“plasticized technology” described in part I.1.3. Spherical particles of 3 to 10 pum

are homogeneously bound together and deposited on a metallic grid. The
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intermetallic compound can be observed in a clear color while the binder is
dark/black while analysed by BSE. An elemental analysis of each component was

performed via EDS in Table I1.1.

Composition (atom. %)

Elements A: Positive electrode B: Grid C: Negative electrode
Fe - 273+ 1.1 -
Ni 502+24 72.7+3.5 30.1+£1.5
Co 34+0.5 - 7.6+0.8
Mn 1.2+0.2 - 3.7+0.5
REE - - 52+1.2
K 40.8+4.4 - 53.4+10.1

Table II.1. Elemental analysis of different NiMH battery components using EDS.

Similarly to what is reported in the literature regarding negative electrodes

21,22
manufacture,”

the metallic grid is a nickel iron alloy. Both active materials are
contaminated with high amounts of potassium due to the 30 wt. % KOH electrolyte
solution used in NiMH batteries. Without surprise, nickel hydroxide, at the
positive electrode is doped with approximately 3.4 wt. % Co and minor amounts of
manganese as found in the powder. Regarding the negative electrode, it seems that
the intermetallic compound is part of the ABs alloys that will be treated in this
work. This technology is nowadays the most efficient and the most popular on the
market.”' Tt is mainly composed of nickel, doped with cobalt and manganese. More
than 5 wt. % of REEs are found in the powder but it is difficult to differentiate

them from one lanthanide to another as (i) the sample is highly contaminated in

potassium. (ii) They appear at similar energies on the EDS spectrum.

To remove the electrolyte from the BM, a simple washing step was performed.
Because the solubility of KOH is known to increase with temperature unlike most
REE salts,”*’ the washing solution was composed of MQ-grade pure water (18.2
MQ.cm at 25 °C) at 40 °C. The mixture of black mass and water was prepared in a
ratio 1:10 (mass (g): volume (mL)) and was stirred on a magnetic plate during 30
min without any stirrer because of the high magnetic properties of metals in the

electrodes (REE and cobalt are widely used in permanent magnets)>*®. The BM is
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filtered on a Biichner setup and the pH of the filtrate was measured with a pH-
meter. This process was performed several times until the pH of the filtrate reaches
a value below 8. This is an accurate and quick manner to follow the potassium
hydroxide dissolution in water as it is known to be a strong basis (pKa = 13.5).%°
The powder was then dried in an oven at 80 °C overnight before being analysed by
EDS (Table I1.2) and X-Ray diffraction (XRD) (Figure I1.5). XRD analysis will
be detailed in ANNEX 1-B. The mass of recovered anode was approximatively 8 g

for each battery.

Composition (atom. %)

Elements Washed negative electrode

Fe -

Ni 59.2+3.1
Co 12.5+1.3
Mn 6.7+0.9
La 57+1.2
Ce 7.8+ 1.6
Nd 23+0.7
Pr 0.8+0.3
K -

Table I1.2. Elemental analysis of the washed negative electrode using EDS.

No significant energy peak of potassium was detected during the EDS semi-
quantitative analysis which confirms that a simple washing step allows to
quantitatively remove the electrolyte from the negative electrode. The spectrum
confirms that this NiMH battery type is made of an ABs negative electrode
composed of 59.2 and 12.5 atom. % of nickel and cobalt doped with 6.7 atom. %
of manganese. Regarding REEs, the mischmetal is composed of 7.8 and 5.7 atom.
% of cerium and lanthanum respectively. Finally, minor rare earth elements can be
found such as 2.3 and 0.8 atomic percent of neodymium and praseodymium

respectively.
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Figure II.5. X-ray diffractogram of the washed negative electrode. Circles are
used to identify the anode intermetallic material, namely hexagonal
LaCeNdPrNiCoMn, while triangles define lanthanum hydroxide hexagonal peaks.

XRD analysis brings information on the structure and composition of the
mischmetal. According to the X-ray diffractogram displayed in Figure I1.5, and in
agreement with the literature, the negative electrode is an intermetallic compound
made of REE (La, Ce, Nd, Pr) and TM (Ni, Co, Mn). However, the presence of
lanthanum hydroxide is also highlighted. One should keep in mind that this battery
is in its end of life and has thus undergone some degradation. Zhou et al. 2013
reported a comprehensive study of the degradation mechanisms of NiMH positive
and negative electrodes ABs and A;B;. After cycling ABs cells until observing a
loss of 80 % of their initial capacity delivery, X-ray diffractograms of the negative
electrode were reported. Interestingly, the presence of La(OH); was spotted in the
alloys due to the oxidation of the intermetallic compound under the influence of

231

potassium hydroxide electrolyte.”" This corrosion phenomenon is known to lead

to the failure of NiMH secondary batteries and justifies the presence of lanthanum

L 21,22,231
hydroxide in our powder.” "

To summarize, the negative electrode has been identified as the most promising
part of the NiMH battery because it contains high concentration of valuable metals.

We report the possibility of isolating this active material from the positive
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electrode, the separator, and the electrolyte by mechanical treatment and a washing
step. A full characterization of the powder has been performed and highlights the
presence of 59.2 % Ni, 12.5 % Co, 6.7 % Mn, 5.7 % La, 7.8 % Ce, 2.3 % Nd, 0.8
% Pr (data are given in atomic percentages) under the form of an intermetallic
compound and lanthanum hydroxide. The latter is a result of the degradation of the
electrode at the end-of-life of the device. Interestingly, the overall concentration of
REE in the active material is of 16.6 atom. % and is thus twice to ten times
superior to what can be found in natural ores such as bastnaesite, loparite and
monazite (See part 1.2.3). This justifies the denomination of “secondary mining”

used to describe recycling processes.

This material will be considered as an ideal model raw material, to optimize the

recycling process of NiMH batteries.

I1.2.2 Industrial scale black mass production

a. The Recupvl® process

Opening manually NiMH batteries one by one, and isolating the electrodes is easy
to carry out in a laboratory scale process but is not viable in a large scale industrial
process. Recupyl® is a company recycling in average 720 tons of Li-ion batteries
per year. This recycler has thus a strong experience in mechanical treatments of
electrochemical devices. In order to build a recycling process for NiMH batteries,
black mass was obtained from real end-of-life devices collected, grinded and
mechanically treated thanks to the Recupyl® facilities according to the following

process:
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End-of-life Black
batteries Preparation Mechanical Treatment || Mass

Cyclonic
separation

Storage Sorting Discharging Dismantling Crushing

Acid-Pb Plastic

NiCd Al/Cu fraction
Li-ion

Primary batteries

Other wastes

Figure I1.6. Process for the production of NiMH black mass from the recycler
Recupyl®.

When end-of-life batteries arrive in the recycling center of Recupyl®, they are
firstly stored in a vermiculite insulator to prevent the electrochemical systems of
creating short circuits. In a second step, they are manually sorted. Li-ion batteries
are separated from NiMH systems. Other technologies such as Acid-Pb, primary
batteries and NiCd are transferred to appropriate recycling centers. Large
automotive modules are discharged for security reasons. They are usually
dismantled to remove the plastic outer shell and some strategic components that
can return to the automotive constructor. They are subsequently crushed in a
hammer mill. This allows the recycler to obtain particles between 1 and 10 mm. A
second crusher can even obtain particles below 1 mm. It is important to notice that
crushing NiMH batteries can be performed without controlling the atmosphere.
This is not the case of Li-ions systems crushed in a carbon dioxide controlled
pressure to prevent the organic flammable solvent, and the lithium metallic
dendrites from catching fire. In a last step, the metallic powder is separated from
plastics and some light metals such as copper and aluminum by a cyclonic
separation. The latter separation consists of inducing compressed air in a cone to
trigger light particles and isolate them from a heavy metallic fraction. Regarding
the Recupyl® process using NiMH batteries, this fraction is mainly composed of
crushed electrodes and metallic grids and is defined as the black mass (BM). The

production rate can reach 800 kg.h™'.
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The powder was washed and dried according to the procedure detailed in part

I1.2.1.

b. Characterization of the black mass

The washed BM was qualitatively analysed by SEM using imaging via BSE and
semi-quantitatively evaluated thanks to EDS in Figure II.7 and Table II.3

respectively.

Mag= 28X Signal A= BSD
EHT =15.00 kV WD = 9.0 mm

Figure II.7. SEM images of washed BM produced at Recupyl® (magnification
X29) performed with BSE. Purple A: Positive electrode. Blue B: grid. Green C:
Negative electrode. Red D: Other components.

Composition (atom. %)

A: Positive .. C: Negative D: Other
Elements B: Grid
electrode electrode component

Fe 49+03 9.1+0.7 8.2+0.6 100+0
Ni 88.5+3.3 86.2+35 63.4+3.1 -
Co 6.6+0.2 47+0.2 10.3+0.8 -
Mn - 02+0 3.7+0.1 -
REE - 2.1+0.1 144+£29 -

K - - - -

Table II.3. Elemental analysis of washed BM produced at Recupyl® using EDS.
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Unlike what was observed while opening a battery in a laboratory scale process,
the powder obtained is much more complex since all the electrodes are mixed
together. SEM analysis by BSE displayed in Figure II.7 presents different
grayscales and demonstrates the heterogeneity in the composition of the particles.
Four different areas are highlighted in this BM. The metallic grid presenting a
characteristic shape framed in blue (area B) is easy to identify. Similarly to what
has been shown with the commercial battery from SUPPO®, the grid is composed
of nickel and iron (see Table II.1). However, presence of 4.7 atom. % Co and 2.1
atom. % REE are detected. It is not surprising to find those elements mixed
together as the negative electrode containing nickel, cobalt, manganese and REE is
deposited on the grid in a NiMH battery. A particle was identified as being part of
the negative electrode (area C, framed in green). Even if it is most probably mixed
with the metallic grid due to the presence of 8.2 atom. % or iron, the particle
confirms the presence of ABs negative electrode as 14.4 and 10.3 atom. % REE
and Co are present respectively in the intermetallic compound. Darker particles
were also spotted in area A (framed in purple) composed of 88.5 atom. % of nickel
and small amounts of cobalt. They were identified as the Ni(OH), positive
electrode doped with Co (6.6 atom. %). Finally, a fourth and last area, namely D,
framed in red was spotted. Those particles are the darkest and seem to be
composed of iron oxide. This material does not enter in the composition of the
active material of a NiMH battery. However, this can be part of one of the
numerous components encapsulating the electrodes. No trace of electrolyte was
found in the powder. In a nutshell, the black mass obtained from end-of-life NIMH
batteries according to the Recupyl® process is a mixture between positive (Ni, Co)
and negative electrodes (Ni, Co, Mn, REE), metallic grids (Ni, Fe) and various
battery components. Furthermore, because the cyclonic separation does not lead to
a full isolation of light particles, some plastic residues can be found in the BM.

This black mass will be used in this work as a raw material to build a complete

recycling process of NiMH batteries.
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II.3 Leaching

I1.3.1 Preliminary tests with an ideal black mass

a. Introduction
This part was performed following the supervision of Malaurie Debon, during her

Master 1 research internship.

The leaching step stands in this work for the dissolution of valuable elements from
the BM into an aqueous solution by oxidizing a metal into a cation. For more
information on this step, please refer to part 1.4.2. Before carrying out leaching
experiments with the NiMH black mass produced at Recupyl®, preliminary
experiments were undergone with a model raw material extracted from an end-of-
life battery (part II.2.1). The literature review from the previous chapter
highlighted an important heterogeneity in the conditions needed to obtain a full
leaching of NiMH active materials.'*"?>!>"15%1¢0 Digsolution of metals was
investigated for temperatures ranging from 20 to 80 °C, concentrations ranging
from 1 to 6 mol.L"' and reaction times ranging from 0.5 to 6 hours. The influence
of those three parameters on the leaching of all metals will be now detailed and

discussed.

b. Experimental

1 g of the recovered negative electrode was mixed with 10 ml of sulfuric acid
between 0.5 and 3.0 mol.L™" under stirring between 25 and 80 °C. After 10 min to 3
hours of reaction, the leachate was separated from the solid residue by filtration on
a Biichner setup. The solid was then washed several times with water. It was then
dried on a pre-weighed filter in an oven at 80 °C during 12 hours before being
cooled down to room temperature in a desiccator and weighed. In order to follow
the efficiency of the reaction, the leaching yield (Y;), expressed in weight percent,

was defined according to the following equation.

Y, = L= x 100 (27)

mpmMm
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where mpy, stands for the mass of BM initially used in the leaching step, usually,
around 1 g. m; and m, represent the mass of the filter before and after filtration
respectively.

The solid residue was scratched and removed from the filter and analysed by SEM.
The volume of the leachate was adjusted to 25 ml with H,O by transferring the
solution in a graduated flask. Controlling the volume of leachate in the latter step
1s a manner to control the quantity of metal leached and thus the balance of matter
for the overall process. Finally, the aqueous solution was analysed using
Inductively Coupled Plasma (ICP) in order to measure the concentration of metals
in solution. Technical details regarding ICP analysis will be provided in

ANNEX 1-C.

c¢. Results and discussion

Comparison with the literature

According to the work from Innocenzi and Veglio, 2012,'> a first leaching
experiment, namely 4 was carried out using 2 mol.L™! H,SO,4 at 80 °C during 3
hours. A second leaching B was performed at 20 °C with 1 mol.L™' sulfuric acid
during 3 hours. The EDS diagram and elemental composition of both solid residues

and leachate solutions are displayed in Figure I1.8 and Table 11.4.

Figure I1.8. EDS spectra of solid residue after leaching 4: 2 mol.L™" H,SOy4 at 80
°C during 3 hours. Leaching B 1 mol.L"! H,SO, at 20 °C during 3 hours.
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Solid residue composition Leachate composition
(atom. %) (mg.L'™h
Elements Leaching 4 Leaching B Leaching 4 Leaching B

Ni 100+ 0 65.7+ 1.1 16690 + 50 13141 £ 50

Co - 11.8+04 3081 + 50 2426 + 50

Mn - 0.8+0.2 1249 + 50 659 £+ 50

La - 6.7+04 1607 £ 10 1079 £ 10

Ce - 9.0+0.6 2201 £ 10 1287 £ 10

Nd - 45+1.2 646 + 10 380+ 10

Pr - 1.5+0.8 457+ 10 285+ 10

Leaching yield Leachate composition
(Wt. %) (mg.g” of BM)
- Leaching 4 Leaching B Leaching 4 Leaching B
Yy 96.37 81.85 - -
Elements Ni 4173+1.2 3285+1.2

Co 77.0+1.2 60.7+1.2
Mn 31.2+1.2 16.5+1.2
La 40.2+0.3 27.0+0.3
Ce 55.0+0.3 32.2+0.3
Nd 16.1+£0.3 9.5+0.3
Pr 11.4+0.3 7.1+£0.3

Table I1.4. Elemental analysis of the solid residue after Leaching 4 and B by EDS.
Only metallic species, namely TM and REE are quantified. Leachate composition
analysed by ICP. Leaching yield (YY) calculated by weighing the solid residue.

In full agreement with what was reported in the literature,'”'®® Leaching A leads
to the dissolution of more than 96 wt. % of the negative electrode. The remaining
residue is mainly composed of nickel and sulfur mixed with carbon particles
(Figure I1.8 and Table I1.4). The presence of sulfur is due to H,SO4. A thin layer
of nickel is still present after leaching and was previously reported to be very
difficult to dissolve without the use of oxidant species.'® As described in part
I.1.3, the negative electrode is known to be coated with a thin layer of metallic
nickel to enhance the conductivity of the active material. However nickel is known
to passivate in sulfuric media.>****> This phenomenon can hinder the oxidation
mechanism of the metal and thus limit its dissolution in the leachate. In our
opinion, it is thus of little relevance to use strong oxidant such as oxygen peroxide

to recover a negligible amount of passivated nickel. Furthermore, this non-
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oxidized metal is already pure and could be separated from the remaining carbon
by magnetic-separation. Looking at the leachate, analysed by ICP, all the metal
seems to be present in proportion corresponding to the nature of the NiMH

negative electrode.

Focusing on experiment B, the trend is much different. The leaching yield reaches
only 81.8 wt%, which is significantly lower than that obtained in experiment A.
Regarding the remaining solid residue, it is still composed of TM (Ni 65.7, Co
11.8 and Mn 0.8 wt. %) and REE (La 6.7, Ce 9.0, Nd 4.5 and Pr 1.5 wt. %).
Atomic ratios for each element are extremely close to those found in the raw
negative electrode before leaching. In other words, no selectivity in the leaching
from one metal to another was observed. Transition metals and rare earth elements
thus seem to dissolve with the same kinetics. This is confirmed by ICP analysis of
the leachate in Table II.4. No unexpected ratio of any elements was detected.
However, the solution presents for all TM and REE lower concentrations in
leachate B compared to leachate 4. For 1 g of negative electrode, leaching B is
oxidizing and dissolving 88.7 mg of nickel less than in leaching 4. The values are

of 16.4 and 47.0 mg for cobalt and rare earth elements.

Results
According to those 2 preliminary experiments, we will define a leaching as

successful if:

e The leaching yield is superior to 90 wt. %
e The remaining solid residue only contains nickel among the valuable

elements (Ni, Co, Mn, La, Ce, Nd, Pr).

If any of those two conditions is not respected, the leaching will be considered as
incomplete. As a result, leaching A4 is considered as successful while B is

incomplete.

To study the impact of experimental conditions on the leaching efficiency, several
tests were carried out using different sulfuric acid concentrations, temperatures and
reaction times. Each leaching will be defined to be successful or incomplete

according to the two previous conditions. Leaching yields will be reported. Some
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experiments will be repeated twice to determine the experimental error. Results are

shown in Figure I1.10.

Visually, all leachates obtained presented light to dark green colors ranging on the

amount of nickel in solution. Snapshots are provided in Figure I1.9.

The previous process leads to an exothermic reaction and produces hydrogen. As a
result, heat and bubbles production can be observed in the reactor. The formation
of hydrogen and the oxidation of TM and REE by H,SO,4 for an ABs negative

electrode is reported in the following equation.

13H,504,,, + 2(REE)(TM)5 2

2+ 3+ 2—
13Hyg) + 10TM%,) + 2REEG)) + 13502 (28)
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Figure I1.9. Snapshots of several leachates
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Figure II.10. Investigation on the influence of temperature, sulfuric acid
concentration and reaction time on the leaching of NiMH negative electrodes.

Green dot or bar refers to a successful leaching while red dot or bar stands for
incomplete leaching. A: Influence of the H,SOy4 concentration from 0 to 3 mol.L™
was investigated at 80 °C for 3 hours reaction time. B: Influence of the

temperature from 25 to 80 °C was investigated at 1.5 and 2 mol.L™" in doted and
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full frame line respectively. Reaction time was set to 3 hours. C: Influence of
reaction time from 5 to 180 min was investigated at 20 °C using 2 mol.L™! H,SO,.
Optimization of the sulfuric acid concentration

The first leaching experiments were undertaken at 80 °C with a reaction time of 3
hours. The sulfuric acid concentration was adjusted from 0 to 3 mol.L"'. Leaching
yield are provided in Figure II.10-A. The efficiency of the dissolution of the
negative electrode increases with the acidic concentration from 0 to 1.5 mol.L™
where Y reaches a value of 95.0 wt. %. Then a plateau is observed from 1.5 to 3
mol.L™!, no significant change in the leaching yield is reported in this H,SO4
concentration range. The leaching was considered as incomplete in the range 0 to 1
mol.L" as the solid residue was superior to 10 wt. % of the initial active material
mass. Furthermore, Co, Mn and REE were found in the residue, as shown in
Figure I1.8-B and Table I1.4. However, all leaching experiments carried out at 1.5
mol.L™" or at higher concentration led to a solid residue solely composed of

passivated nickel.

Characterization of the solid residue
To confirm the latter statement, XRD analysis of the solid residue after leaching

the powder with 2 mol.L™" at 25 °C was reported in Figure I1.11.
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Figure II.11. XRD analysis of the solid residue after leaching a NiMH ideal black
mass produced at a laboratory scale with H,SO4 2 mol.L ! at 25 °C. Circles and
triangles are used to identify nickel cubic and hydrated nickel sulphate monoclinic
peaks respectively.
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The X-ray diffractogram provided in Figure II.11 confirms the presence of raw
metallic nickel and low amounts of nickel sulphate salts after leaching. It is
interesting to compare this result with the X-ray diffractogram of the washed
negative electrode provided in Figure IL.5 to appreciate the leaching efficiency of
our process as all peaks corresponding to cobalt, manganese and even REE

disappeared.

Optimization of temperature

With the aim of using minimum amounts of acid, leaching at 1.5 mol.L™! H,SO4
was identified as efficient to leach our material at 80 °C. In a further optimization
step, the influence of the temperature on the leaching yield was investigated.
Results shown in Figure I1.10-B reveal that the leaching is incomplete at 80, 60
and 40 °C. Experiments carried out at 25°C led to an incomplete oxidation of
metals (Yr = 89.83 wt. %). SEM analysis highlighted the presence of cobalt and
REE in the solid residue.

A similar set of experiments was conducted with slightly higher concentrations of
acid, namely 2 mol.L"'. Results, also presented in Figure IL.10-B show that
leaching was complete, whatever the temperature. At 25 °C, 94.86 wt. % of the
powder is leached. The remaining solid was found to be composed of carbon and
nickel only. For an industrial process, a room temperature leaching step is
preferred over a process where temperature needs to be monitored. Consequently,

leaching using 2 mol.L™" H,SOy at 25°C was selected as the best option.

Optimization of reaction time

Finally, the influence of the reaction time on the leaching of the negative electrode
was studied. As shown in Figure I1.10-C, seven additional leaching experiments
were carried out at 5, 10, 15, 30, 60, 120 and 180 min, accordingly. Surprisingly
and unlike what is reported in the literature,'>*"*>!*71%" 30 min of reaction time
seemed sufficient to achieve a complete leaching of our NiMH negative electrodes.
A plateau in the leaching yield is observed between 30 and 180 min ranging in
values of 94.17 and 94.86 wt. %. 3 h reaction time as used in all previous tests thus

appears unnecessary.
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During one set of experiments carried out at room temperature (25 °C) and without
using a thermostat, the temperature of the solution was found to increase. This is
simply due to the oxidation and dissolution of metals that appear to be exothermic
reactions. To gain better insight in the leaching step and understand the reasons for
an efficient leaching at room temperature, a final leaching experiment was thus
undertaken at room temperature with 2 mol.L! H,SO4. The temperature was
monitored with a thermometer in a closed reactor. Evolution of temperature

function of reaction time is reported in Figure I1.12.
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Figure I1.12. Exothermicity of the leaching reaction

The temperature starting from 25 °C, reached a maximum at 35 °C after 13 min.
After that, temperature decreased during 17 min to reach 28 °C. This reveals that
increases in temperature can be observed in the reactor, even without heating it up.
This phenomenon is favorable to achieve high Y values. It is interesting to notice
that after 30 min, the reaction does not produce anymore heat which can be a good
indicator to show that the oxidation process has been completed. It is important to
point out that those temperature measurements were undergone using 1 g of BM. A
scale up of this process using higher amounts of intermetallic powder will most

likely lead to higher temperatures during the leaching step.
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d. Conclusion
Optimization of several parameters, namely, temperature, acidic concentration and
reaction time was investigated, with the aim of developing an efficient process for
the recycling of metals from NiMH batteries. We showed that the leaching of a
model solution can be significantly optimized using 2 mol.L"' H,SOy4 at room
temperature during a very short amount of time. We report for the first time the
ability of reaching a complete dissolution of the negative electrode in only 30 min.
However, the difference observed comparing our work to the literature is highly
correlated to the mechanical treatment performed to produce the black mass.
Because each NiMH brand, will present different manufacture techniques,
composition, particle size etc... this work is unlikely to be completely reproducible
for all types of NiMH electrochemical systems. To tackle this issue, leaching
experiments need to be performed with a large range of different NiMH batteries

where the black mass has been produced at an industrial scale.

I1.3.2 Leaching NiMH black mass produced at Recupyl®

a. Introduction
This part was performed following the supervision of Marie Lemire, during her

third-year bachelor internship.

Up to our knowledge, leaching experiments using spent NiMH batteries as Waste
Electrical and Electronic Equipment (WEEE) grinded and mechanically treated at
an industrial scale were never studied. Most works were performed with new

193.154.234 1 the latter works, the

NiMH batteries manually opened in the laboratory.
leaching process was performed with one type of system, brand and geometry
which is interesting for the fundamental understanding of the process but is far
from the raw material obtained in a real recycling center. It is worth noticing that
Porvali et al. 2018"° used different types of spent NIMH batteries collected in
several recycling sites in Sao Paulo, Brazil. However, the mechanical treatment

process used is fully manual and can’t be directly scaled-up to a real industrial
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production. In this part, we will perform leaching experiments with black mass
produced at the recycling company Recupyl® and thus tackle the issue of the

reproducibility of such process at a large scale.

b. Experimental

The black mass production and characterization has been reported in part I1.2.2.
The granulometry of the two BM samples is in line with the mechanical treatment
carried out by Recupyl. One powder presents particle size between 1 and 10 mm
while the other is composed of particles lower than 1 mm. Snapshots of the BM are

given in Figure I1.13.

Figure I1.13. Snapshots of the two different BM granulometries from the Recupyl®
process. A: particle size between 1 and 10 mm. B: particle size lower than 1 mm.

All leaching experiments were performed during one hour using sulfuric acid
(H2S0O4), hydrochloric acid (HCIl) with concentrations ranging from 0.5 to 10
mol.L". 1 g of BM was used for 10 ml of leaching solution. The mixture was
mechanically stirred on a magnetic plate under controlled temperature before being
filtrated on a Biichner setup. From then, the modus operandi is identical to the one
used in part I1.3.1. The residue was washed several times with water. It was then
dried on a pre-weighed filter in an oven at 80 °C during 12 hours before being
cooled down to room temperature in a desiccator and weighed. In order to follow
the efficiency of the reaction, the leaching yield (Y;), was used. The residue was
scratched and removed from the filter. The volume of the leachate was adjusted to
25 ml with H,O by transferring the solution in a graduated flask. Finally, the
aqueous solution was analysed using ICP. The leachate composition is expressed

in milligrams of oxidized metal in the aqueous phase per gram of BM. Influence of
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the particle size, temperature, nature and concentration of the leaching phase will
be studied with the aim of choosing optimum parameters for the leaching of real
spent NiMH batteries. Characterization of the solid residue obtained after applying
the selected parameters will be undergone by SEM and XRD.

c. Results and discussion

According to the process for the production of black mass at an industrial scale,
the separation of light from heavy particle by cyclonic separation is not
quantitative. A non-negligible amount of plastic and undesirable components can
be present in the BM (see Figure I1.13). Solid residue and leachate composition
will thus be impacted by those new elements. Comparison between experiments
will thus be discussed in terms of leaching yield and of amount of oxidized metal

per gram of black mass.

Influence of the size particle.

Leaching tests were performed with sulfuric and hydrochloric acid between 0.5
and 4 mol.L" at 25, 50 and 75 °C with BM particles above and below 1 mm.
Leaching yields are reported in Figure I1.14.

It appears that whatever the nature of the acid or the temperature, Y is always
higher starting from the powder containing particles with a diameter below 1 mm.
This is due to the fact these particles exhibit a larger surface area compared to the
BM composed with larger particles. Furthermorea reproducibility issue appears
when 1 g of BM composed with larger particles is used. For instance, it can
contain a large piece of grid or of plastic that will decrease the amount of valuable
and oxidable metals. As a result, Y for large particles will vary significantly
between two identical experiments and will exhibit an important uncertainty. This
issue could be tackled by performing leaching experiments with larger amounts of
BM or with a thinner powder. Indeed, the black mass presenting particles below 1
mm is very homogeneous from one test to another while sampling 1 g.
Consequently, leaching experiments at 25 °C using 2 mol.L™" of sulfuric acid lead
to YL of 45.6 £ 9.2 and 85.1 = 2.1 % respectively for coarse and thin powder.
Those values are of 57.6 + 11.5 and 74.1 £+ 1.8 % respectively using hydrochloric

acid.
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Figure I1.14. Leaching of NiMH black mass containing particles below 1 mm in
full line and with coarse particles between 1 and 10 mm in dotted line.
Experiments were undertaken at 25, 50 and 75 °C in green, blue and red
respectively. A: The leachate is an aqueous solution containing sulfuric acid. B:
The leachate is an aqueous solution containing hydrochloric acid.

Influence of the inorganic acid nature and concentration
Leaching experiments were performed with hydrochloric and sulfuric acid between
0.5 and 10 mol.L™" at 25, 50 and 75 °C with BM particles below 1 mm. Leaching

yields but also compositions of some leachates are reported in Figure I1.15.

Using hydrochloric acid, the leaching yield increases strongly and linearly with the
acidic concentration. Y values of 10.2 and 75.4 % are found using 0.5 or 2 mol.L"
' accordingly. In this concentration range, the temperature has a little impact on
the leaching yield and on the amount of metals oxidized in the leachate. However,
regarding REE, it appears that the higher the temperature, the lower the ability to
solubilize La, Ce, Nd and Pr. As an example, leaching 1 g of BM with 2 mol.L™
HCI led to the presence of 18.2, 11.8 and 1.1 mg of lanthanum at 25, 50 and 75 °C
respectively in the leachate. Those values are of 11.9, 5.7 and 2.3 mg for cerium

under the same conditions.
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Figure I1.15. Leaching NiMH black mass produced at Recupyl® with particle size
below 1 mm. Leachate composed of an aqueous solution containing between 0.5
and 10 mol.L"! H,SO4 or HCI. Temperatures were set at 25, 50 and 75 °C in green,
blue and red respectively. A: composition of metals in the leachate after filtration
for experiments at 1, 2, 4 and 8 mol.L"' H,SO4 or HCI. B: Leaching yield (Yy) for
sulfuric and hydrochloric acid in circles and squares respectively.
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This phenomenon is closely correlated to the drop in solubility of REE when
temperature increases.”>” However, by increasing the concentration of HCI, the
solubility of lanthanum, praseodymium and neodymium salts is known to
increase.”>’ As a result, the influence of temperature on the leaching of REE is
compensated by that of the acidity for HCI concentrations between 4 and 8 mol.L"
' In this concentration range, the leaching yields reported in Figure I1.15-B hardly
increase. Values of 84.9 and 90.6 % for Y at 2 and 10 mol.L™! and 25 °C are
obtained. Focusing on the composition of transition metals, Figure I1.15 highlights
that one additional metal can be found in the leachate compared to the preliminary
leaching with model raw materials performed in part I1.3.1. Indeed, iron is present
in a ratio Ni/Fe close to 4.5 in all cases. The presence of this new metal is not
surprising as iron is part of the composition of the metallic grid where the negative

electrode is deposited.

Broadly speaking, all TM are increasingly oxidized in the leachate with the
temperature. Interestingly, comparing the leaching at 4 mol.L™' 25 °C and the one
at 8 mol.L™' 75 °C which lead to Y of 75.4 and 94.7 % respectively, the amount of
recovered nickel, for 1 g of BM increases from 352.4 to 429.6 mg respectively.
The amount of cobalt (51.7 and 59.43 mg) and manganese (13.6 and 13.7 mg) does
not change significantly when increasing the acidic concentration from 4 to 8
mol.L™" and the temperature from 25 to 75 °C. In other words, the little increase of
the oxidation yield found between those two experiments is most probably due to
the additional leaching of nickel solid residue remaining in the powder as this

metal is less likely to passivate in a chloride media compared to a sulphate one.

Results for the leaching experiments carried out with sulfuric acid are presented in
Figure I1.15-B. Y| increases from 0.5 to 2 mol.L"' reaching a maximum of 85.1 %
at 25 °C. H,SOy4 thus seem to be more efficient to dissolve the NiMH black than
HCI (YL = 75.4 %) in this concentration range. Temperature does not seem to have
an impact on the global amount of powder leached in this concentration range.
Nevertheless, similarly to what was observed with HCI, increasing temperature is
slightly favorable to dissolve transition metals but is highly unfavorable in the
leaching process of rare earth elements. However, an unexpected trend is reported
at high acidic concentrations. In this case, the leaching yield is shown to

dramatically drop from 8 mol.L™' to 6 mol.L™" at 50 and 75 °C. This phenomenon
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seems to strengthen with temperature, reaching values of 78.3 and 14.1 % at 25
and 50 °C respectively. At 75 °C, the mass of powder after leaching 1 g of NiMH
black mass is close to 1.1 g. Visually, the formation of a precipitate is observed
upon leaching the initial BM. This surprising result led us to think that leaching
and precipitation reactions occur simultaneously. Increase of the mass of the active
material after filtration proves that the metal is oxidized as a free cation before
precipitating. A salt or an oxide is formed because of the association with the acid
anion or oxygen respectively. Semi-quantitative characterization of the
precipitated powder with SEM using EDS was performed in Figure II.16 and is

summarized in Table I1.5.

o)

keV|

Figure I1.16. EDS spectra of the precipitate obtained after leaching a NiMH black
mass with 10 mol.L™' H,SO4 at 75 °C.

Composition
Elements

(atom. %)
Fe 25+0.1

Ni 269+1.3
Co 56+0.2
Mn 23+0.1

REE -
S 145+5.2

0] 48.2 £20.2

Table I1.5. Elemental analysis of the precipitate obtained after leaching a NiMH
black mass with 10 mol.L™' H,SO, at 75 °C by EDS.
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The elemental analysis of the precipitate obtained at 10 mol.L™, 75 °C suggests
that the precipitated powder contains more than 14 and 48 atomic percents of
sulfur and oxygen respectively. Quantification of the two latter elements should be
taken with great care because they are considered as light elements. Therefore,
errors given are relatively high. However, we can state that a large amount of
sulphate salts was precipitated after leaching. Because H,SO4 has two pKa at -3.0
and 1.9, sulfuric acid will be under the form of a HSO4 cation in our conditions.
On the one hand, TM and are able to associate with the hydrogenosulfate ions
according to equation (29) leading to the precipitation of a salt. On the other hand,
the association between REE and HSO4 leads to the formation of a positively

charged complex (equation (30)). By definition the latter specie is fully soluble in

water.
K™
TM(za"Lq) + HSOL[(sol) pd (TM)SO4(S) + H(J;q) (29)
KIREE
REEgaz) + HSOL[(sol) pd (REE)SOI(aq)+ H(J;q) 30)

Where K™ and KREE represent the first complexation constants of transition

metals and rare earth elements respectively.

While adding a large excess of sulphate anions to the solution, basically close to
10 mol.L™", transition metals are able to associate with sulphate ions leading to the
formation of (TM)SOy. Solubility of NiSO4 and CoSOy4 are close to 0.26 and 0.19

mol.L"! in water at 20 °C%*’

and can explain the formation of a precipitate during
the leaching.”® Data for complexation constants of TM and REE in sulphate media

are reported from the literature®*® in Table I1.6.



113 | Chapter II | Separation of Transition Metals from Rare Earth Elements

Complexation  Solubility Complexation
TM(II) ™ REE(II) REE
(K1) (g /100 g H,O) (K1°7)
Fe 2.20 38.3 La 1.67
Ni 2.81 40.4 Ce 1.76
Co 2.69 29.5 Nd 1.50
Mn 2.19 63.7 Pr 1.30

Table I1.6. Data collected in the literature for complexation constants®*® of TM
and REE and solubility”®> of Ni, Co, Mn and Fe sulphate salts. All solubility data
are given at 20 °C in pure water for (TM)SOy salts.

Interestingly, the precipitate obtained does not contain any of the rare earth
elements present in ABs NiMH negative electrodes as suggested by the EDS
analysis in Figure II.16 and Table IL.5. This result is confirmed by the ICP
analysis performed on the leachate. On the one hand, comparing experiments at 75
°C at 2 and 8 mol.L™' the amount of leached nickel and cobalt in the aqueous
solution drops from 388.8 to 16.0 and 96.4 to 0.1 mg.g"' of BM respectively. On
the other hand, the amounts of lanthanum, cerium, praseodymium and neodymium
remain constant. Values of 14.0 and 18.3 mg.g”' of BM for lanthanum and, 11.2
and 10.8 mg.g' of BM for cerium are obtained at 2 and 8 mol.L™" H,SO,
respectively. In other words, this allows us to perform a quasi-quantitative
separation of rare earth elements from transition metals by using high
concentration of sulfuric acid at 75 °C. In this case, all metals will be oxidized,
however, while TM precipitate under sulphate salts, REE are able to stay in

solution.

However, the viability of such separation process at an industrial scale suffers
from some severe drawbacks. Firstly, the concentration of acid (10 mol.L™") and
temperature (75 °C) are rather aggressive conditions. Furthermore, the precipitated
transition metals are mixed in the solid residue with plastics and passivated nickel,

as a result a supplementary separation process should be undergone.

During the development of a leaching step, we will focus on the dissolution of all
metals (TM and REE) using the less harmful conditions. Sulfuric acid is thus a
better candidate than hydrochloric acid presenting important issues of corrosion

and emission of toxic Cl, gas. Nitric acid wasn’t even studied because of the risk
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of explosion of nitrate derivatives. H,SO4 thus seems to be the most secured acid
to use for Recupyl®. Leaching at 2 mol.L' at 25 °C was thus chosen as the
optimum conditions to leach a real NiMH black mass powder with particle size
lower than 1 mm. At this specific concentration, Y reaches a maximum of 85.1 %,
a value higher than the one observed in the same conditions with HCI (Y = 75.4
%). Higher concentrations are no recommended as TM are susceptible to undergo
precipitation. Higher temperature would significantly decrease the amount of REE

in the leachate.

Comparison between laboratory and industrial scale BM production

It is also worth noticing that the leaching yield obtained with the selected
parameters using an ideal raw material, this is to say, 2 mol.L"' H,SO4, 25 °C is of
94.2 % (see part I1.3.1) and is thus much higher than the one obtained under the
same conditions with the black mass produced at Recupyl® (85.1 %). Again,
performing the grinding step and the mechanical treatment at an industrial scale
brings undesirable materials in the BM. Furthermore, one shouldn’t forget that the
ideal raw material was only composed of the valuable negative electrode, while
BM produced at Recupyl® is composed of both electrodes which can induce an
important modification of the composition of the initial powder and of the leaching
mechanisms thereof. As a result, the mass ratio Ni/REE in the leachate were
calculated for the ideal BM and the BM produced at Recupyl® and are reported in
Table I1.7.

2 mol.L™" Ideal BM produced BM produced at
H,S04, 25 °C at a laboratory scale Recupy!®
YL (%) 94.2 85.1
Ni/REE 34 10.2

Table II.7. Comparison of the Ni/REE ratio between an ideal BM and BM
produced at an industrial scale.

As expected, because the BM produced at Recupyl® is composed of the LaNis
negative electrode but also of the Ni(OH), positive electrode and the Ni/Fe
metallic grid, the concentration of REE decreases in the leachate compared to the
treatment of solely negative electrodes performed with the ideal BM produced in a

laboratory scale.
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Full characterization after leaching with H»,SO, 2 mol. L, 25 °C
The leachate obtained using 2 mol.L"' H,SO4 at 25°C during 1 h was fully
analysed after filtration, composition of the aqueous phase analysed by ICP and in

agreement with Figure I1.15-A is reported in Table IL.8.

Leachate composition

Element (mg.g'l of BM)
Fe 91.3+1.2
Ni 371.8+1.2
Co 932+1.2
Mn 11.9+£1.2
La 18.8+0.3
Ce 12.0+0.3
Nd 43+03
Pr 1.2+£0.3

Table IL.8. Leachate composition after leaching 1 g of BM produced at Recupyl®
with H,SO4 2 mol.L! at 25 °C during 1 hour.

The leachate obtained is a mixture of transition metals (Fe, Ni, Co, Mn) and rare
earth elements (La, Ce, Nd, Pr). After leaching 1 g of BM produced at Recupyl®,
those metals are dissolved in 25 ml of an aqueous solution under the form of ionic

species.

Characterization of the remaining solid residue was then performed by scanning

electron microscopy in Figure I1.17.

Mag= 100X Signal A = SE2 Mag= 100X Signal A= BSE
EHT = 4.00 kV WD = 5.7mm EHT = 4.00 kV WD = 57 mm

Figure I1.17. Solid residue analysed by SEM (magnification X 100) after leaching
1 g of BM produced at Recupyl® with H,SO4 2 mol.L™" at 25 °C during 1 hour. A:
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Imaging using secondary electrons (SE). B Imaging using Back Scattered
Electrons (BSE).

Secondary electron imaging provided in Figure II.17-A gives us information on
the macroscopic aspect of the residue. Obviously, a large piece of metallic grid
withstood oxidation. This is most probably due to the ability of nickel to passivate.
Presence of small amounts of powder can be spotted. A SEM snapshot using BSE
is shown in Figure I1.17-B, information on the nature of the residue can be taken
from the different grayscales. The light area corresponding to the grid confirms the
metallic nature of the particle while the darker areas indicate the presence of
“lighter”compounds, most probably salts. In order to confirm the latter statement,

elemental analysis was performed by EDS and is reported in Table I1.9.

Composition
Elements
(atom. %)
Fe 27+0.2
Ni 754+1.3
Co 0.8+0.1
Mn -
REE -
S 59+22

0] 15.2+10.8

Table I1.9. Elemental analysis of the solid residue obtained after leaching a NiIMH
black mass produced at Recupyl® with 2 mol.L™! H,SO, at 25 °C by EDS.

According to EDS analysis, the solid residue is composed with 75.4, 2.7 and 0.8
atomic percent of nickel, iron and cobalt respectively, most probably
corresponding to the metallic grid observed in Figure II.17. However, non-
negligible amounts of sulfur and oxygen, namely 5.9 and 5.2 atom. % respectively
confirm the presence of TM(SO4)y(s). This result is in line with the XRD analysis
displayed in Figure I1.11 corresponding to the precipitate obtained with the ideal
BM. Interestingly, all REE were leached in this step of the process, as no peaks

corresponding to La, Ce , Nd or Pr were detected in the EDS spectra.

d. Conclusion
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Thanks to the facilities from the battery recycler Recupyl®, two black mass
samples from end-of-life NiMH batteries were produced. Samples were obtained
using different mechanical treatments and led to one sample containing particles
with diameters below Imm, and a second sample containing large particles, with
diameters typically ranging from 1 to 10 mm. These powder samples containing
large amounts of valuable metal such as nickel, cobalt, lanthanum, cerium and
neodymium were leached using different acids namely sulfuric and hydrochloric at
various concentrations and temperatures. The influence of particles grain size on
the leaching yield (Yp) revealed that large coarse powder induces a high
uncertainty on Y values. Furthermore, thinner particles always led to higher Y
values, due to their larger surface area. Increase in temperature has a positive
impact on the leaching of transition metal but decreases the solubility of REE in
solution. Using high concentration of sulfuric acid (close to 10 mol.L™") yielded the
precipitation of transition metals. Under such conditions, a TM(SOy4), salt was
observed. Despite a negligible passivation of Ni using aqueous HCI solutions,
H,SO4 was selected because (i) it presents enhanced leaching yield for
concentration of acid lower than 2 mol.L™' and (i1) H,SOy is less corrosive and
harmful than HCI. The latter produces toxic gas such as Cl; and is thus much more
problematic from an industrial point of view. As a result, 2 mol.L™! H,SO4 during 1
hour at 25 °C was selected as optimum parameters to leach 1 mm particle size
NiMH BM. Under these conditions, the leaching yield reaches a maximum of 85.1
wt. %. The remaining 15 wt. % of solid residue are mostly composed of plastics,
metallic grids and low amounts of sulphate TM salts (close to 6 atom. %). The
leachate is an aqueous solution of 25 ml containing very large amounts of valuable
metals, namely 372, 91, 93, 12 mg of nickel, iron, cobalt and manganese
respectively and 19, 12, 4, 1 mg of lanthanum, cerium, neodymium and

praseodymium respectively after leaching 1 g of BM.
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I1.3.3 Possibilities and limitations of using hydrophilic ILs in

leaching process

With the aim of performing extraction experiments using ILs, and in order to
investigate on the possibility of carrying out leaching and separation of metals in
one single IL-based medium, the present section will be dedicated to the leaching
of NiMH battery using mixture of acid and ionic liquid in an aqueous phase.

Tributyltetradecylphosphonium chloride, namely [P44414][Cl] composed of a
chloride anion and a quaternary phosphonium cation is fully miscible in pure water
but forms 2 phases when contacted with a concentrated HCI solution. The potential
of [P44414][Cl] in leaching metals from a NiMH battery will be studied here.
Because the latter IL presents hydrophilic characteristics, mixtures of [P 44414][Cl]
and acid will be carried out in an aqueous phase. HCI will be used to reduce the
number of ions present in the leaching solutions (H+, [P44414]+ and CI'). The
potential of [P44414][Cl] as a novel extraction system will be fully detailed in

Chapter 4.

a. Experimental
1 g of NiMH black mass produced at Recupyl® according to part I1.2.2 was

leached with 10 ml of aqueous solution at 25, 50 and 75 °C. The leachate was
composed of 0, 2 and 4 mol.L" of HCI and 0, 30 and 60 vol. % of [P44s14][Cl].
The nine aqueous solutions were prepared in calibrated flask. Results, acid and
ionic liquid concentrations will thus be expressed in volumetric units. Reaction
time was set to 1 hour. Similarly to previous leaching experiments, after reaction
the mixture was filtered on a Biichner setup. The solid residue was washed several
times with water. It was then dried on a pre-weighed filter in an oven at 80 °C
during 12 hours before being cooled down to room temperature in a desiccator and
weighed. In order to follow the efficiency of the reaction, the leaching yield (Y;),

was used.

b. Results and Discussion

Leaching yields obtained for the 9 different leaching solutions at 3 different

temperatures are provided in Figure I1.18.
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Figure I1.18. Leaching of NiMH black mass containing particles below 1 mm with
sulfuric acid and/or [Pa4414][Cl] IL in an aqueous phase. Experiments were
undertaken at 25, 50 and 75 °C in green, blue and red respectively. Leachates were
composed of 60, 30 and 0 vol. % of H,SO4 in full color, light color and striped line
respectively. All experiments were carried out at 0, 2 and 4 mol.L™" of acid.

As expected, using pure water as leachate solution (0 ; 0) (IL (vol. %) ; HCI
(mol.L™")) leads to a poor leaching yield of 7.4 % at 25 °C. At this stage, only a
small amount of REE is leached into the solution. REE are known to oxidize in
aqueous solutions at 25 °C.*” Not surprisingly, the leaching yield decreases down
to values lower than 2 % at 50 °C because the solubility of lanthanide decreases
with temperature.”’ This point was already discussed in part I1.2.1 and justify the
use of warm water to wash the NiMH black mass after mechanical treatment. We
report that, using pure [P44414][Cl] in water, the leaching yield will be of 8.9 and
10.7 % for 30 and 60 vol. % IL respectively. Similarly to what has previously been
observed, this yield slightly decreases at 50 and 75 °C. In other words, the
leaching efficiency of the pure ionic liquid is minor. This leachate thus can’t be
used to oxidize and dissolve NiMH BM. However, addition of proton via
hydrochloric acid can enhance the leaching ability of the aqueous solution leading
to Yo of 61.2 and 63.7 % for (60 ; 2) and (60 ; 4) respectively. Under those
conditions, the solution exhibits a high viscosity due to the presence of the IL. This
viscosity can hinder the leaching mechanism of metals because of slow kinetics

and agitation. This parameter can be modified by using lower amounts of IL,
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which provide a more fluid solution. Use of 30 vol. % of IL thus leaches 69.0 and
76.2 wt. % of the battery using 2 and 4 mol.L™' HCI respectively.

c. Conclusion
Using a hydrophilic ionic liquid, namely [P44414][Cl] in a leachate solution was
reported not to be efficient to oxidize NiIMH BM (YL < 10 %). However, adding
acid such as HCI can enhance the leaching yield of the process. Comparing pure
acid solutions and mixtures of acid and ionic liquid, the latter leachate solution
seems to present lower leaching yields due to its higher viscosity and thus lower
kinetics. Nevertheless, viscosity of the solution can be managed by adjusting the
concentration of IL. As a result, an aqueous solution containing metallic cations in
an ionic liquid could be an interesting media to develop metal extraction processes.

The latter step will be fully developed in Chapter 4.
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II.4 Selective precipitation

a. Introduction
After performing a leaching step, as detailed previously, Fe, Ni, Co, Mn and La,
Ce, Nd, Pr contained in NiMH batteries were leached into an aqueous phase. Using
a 2 mol.L"' H,SO,4 aqueous solution at 25 °C during 1 hour appeared to be the best

compromise between efficiency and industrial requirements.

The next step in our under-construction recycling process is to isolate the two main
families of metals loaded in the leachate, namely REE and TM. Further theoretical
details and review on this step was given in part 1.4.2. According to the literature,
precipitation of rare earth elements can occur in sulphate media by (i) increasing
the pH and (ii) adding an alkaline metal.'®® Both steps can occur simultaneously by
adding a base such as sodium carbonate Na,COs, sodium hydroxide NaOH or
potassium hydroxide KOH. Quantitative precipitation of alkaline lanthanide
sulphate salts was reported after increasing the pH to values ranging from 1'*° to

2.517,

Starting from our leachate loaded in metals from real grinded NiMH batteries, our
goal is thus to perform a quantitative separation of Ni, Co, Mn, Fe from La, Ce,
Nd, Pr by performing a selective precipitation of REE. The optimal pH to induce a
full precipitation of lanthanides by avoiding any presence of TM will be
investigated. Following the recommendation from the recycler Recupyl®, sodium
carbonate was chosen for this step. This compound is under the form of a thin
white powder, is cheaper and easier to handle for an industrial point of view

compared to corrosive and hygroscopic NaOH pellets.

b. Experimental

20 ml of leachate and a magnetic stirrer were transferred in a 50 ml beaker. A
calibrated pH electrode was soaked in the latter mixture to follow the pH
evolution. In the same time, an aqueous solution of sodium carbonate 1.5 mol.L™

was prepared and transferred to a graduated burette. According to preliminary
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experiments (not shown), we chose to set the concentration of the Na,CO; to 1.5
mol.L"' mainly for two reasons. (i) A higher concentration of Na,COj; can locally
create in the leachate, small areas where the pH becomes basic. This phenomenon
can enhance the co-precipitation of transition metals with rare earth elements. (ii)
A lower concentration of Na,COj; requires by definition a higher volume of
aqueous basic solution to increase the pH to a define value. Consequently, the final
aqueous solution appears more diluted in metals which can be an issue for
hydrometallurgical processes. Very slow addition of the basic solution from the
burette to the beaker containing the metallic cations in solution was performed at
room temperature (close to 25 °C) under strong magnetic stirring. Upon addition of
the Na,COj; solution, a significant bubbling was observed, due to the formation of
large amounts of CO,g). After setting the pH to the selected values, namely pH =
0,1, 1.5, 1.7, 2, 3, 3.5, 4, 5 and 8, the aqueous solution was filtered in a Biichner
setup. When a precipitate was obtained, the latter was then washed with alkaline
water and dried on a pre-weighed filter in an oven at 80 °C during 12 hours.
Finally, the remaining powder was analysed via Scanning Electron Microscopy
(SEM) using Secondary Electrons (SE), Back Scattered Electrons (BSE) and
Energy Dispersive X-ray Spectroscopy (EDS). Regarding the leachate, the volume
was adjusted to 100 ml and the solution was analysed by Inductively Coupled
Plasma (ICP).

¢. Results and Discussion

After drying, the precipitate obtained when pH was set between 1 and 2 has the
aspect of a white immaculate powder. Snapshot of the powder is given in Figure

I1.19.

Figure II.19. Snapshot of the precipitate obtained while the pH is comprised
between 1 and 2 by addition of Na,CO; 1.5 mol.L™' to the leachate.
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Characterization of the leachate

pH of the leachate in the previously defined conditions does not correspond to the
pH of 2 mol.L" H,SO, because the proton is reduced to hydrogen during the
oxidation of metals. The measured pH is thus of -0.25 after leaching. However, we
should keep in mind that the latter value suffers from some uncertainty as pH-
meters are not calibrated to measure pH lower than 1. The relative amounts of
metals present in the leachate, the weight percent of metallic cations still present in
the aqueous solution after increasing the pH to values of 0 to 8 will be first

detailed. Results are shown in Figure 11.20 and Table I1.10.
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Figure I1.20. Evolution of the concentration of metals in the leachate while
increasing the pH from -0.25 to 8.

When the pH is under 1 no precipitate can be observed in the leachate as suggested
by the amount of metals found in the aqueous solution at pH = 0 that are not
significantly different from those observed in the initial leachate at pH = - 0.25.
By adding more sodium carbonate to the leachate, the pH reaches a value of 1. At
this stage, even if all transition metals stay in solution, 15 to 25 wt. % rare earth
elements are able to precipitate. This value increases to 85 to 92 wt. % at a pH of

1.5. A quantitative precipitation of REE is finally observed at pH = 1.7 where no
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trace of nickel, cobalt, manganese or iron can be detected in the precipitate. It is
worth to notice that no selective precipitation between all REE is observed.
Lanthanum, cerium, neodymium and praseodymium follow the same precipitation
trend in sulphate media.

Precipitation of iron can be observed starting from pH 2 to 5. A co-precipitation of

all transition metals, namely nickel, cobalt, manganese and iron is observed from

pH 3 to 8.

Composition of the leachate (mg.g™" of BM in 100 mL)

Elements pH=-0.25 pH=1.0 pH=1.5 pH=1.7 pH=2
Fe 913+1.2 89.9+1.2 91.0+1.2 909+1.2 882+1.2
Ni 371.8+1.2 3692+ 1.2 371.8+1.2 3783+ 1.2 371.8+1.2
Co 93.2+1.2 93.4+1.2 92.1+£1.2 942+12 934+1.2
Mn 11.9+1.2 11.0+1.2 125+1.2 124+12 11.2+£1.2
La 18.8+0.3 152+0.3 22+0.3 <0.3 <0.3
Ce 12.0+£0.3 1.6+0.3 0.3+0.3 <03 <0.3
Nd 43+0.3 3603 0.5+0.3 <03 <0.3
Pr 1.2+0.3 09+03 <0.3 <0.3 <0.3

Table I1.10. Evolution of the concentration of metals in the leachate while
increasing the pH from -0.25to 1, 1.5, 1.7 and 2.

The increase of pH by addition of sodium carbonate and the following

precipitation mechanism of REE can be depicted in the following equation.

2- =
2REE(gq) + 4SO4(qyy + NayCO3 + Hiygy 2

The formation of Na(REE)(SO4)2(S), OH(,q) and COy(g) in the previous chemical

equation can explain the white precipitate, the pH increase and the formation of
bubbles respectively. While some papers depicted the precipitation of lanthanide
sulphate salts (REE)3(SO4)3(S) from NiMH batteries,'*>'> Porvali et al."*® brought

evidence on the real nature of the precipitate by showing the precipitation of a

sodium lanthanide sulphate Na(REE)(SO4)2(S)from NiMH batteries. Indeed,
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according to a previous study,'’* the solubility of Na(REE) (SO4)2(S)is always lower

than 8.10” mol.L™ and is thus much lower than that of (REE)3(SO4)3(S).

Because in those precise conditions, REE are able to quantitatively precipitate
while all transition metals stay in the aqueous solution, we defined that increasing
the pH at a value of 1.7 using sodium carbonate at 1.5 mol.L™" is ideal to perform a
separation of La, Ce, Nd and Pr from Ni, Co, Fe and Mn. According to the
previous results, evolution of the amount of all metals in those precise conditions

is depicted in Figure I11.21.
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Figure I1.21. Concentration of metals in the aqueous solution. In green, after
leaching at pH -0.25 and in blue after precipitation at pH 1.7. Concentration of La,
Ce, Nd and Pr was multiplied by 20 for graphical reason.

Characterization of the precipitate.

According to the previously defined parameters to induce a quantitative
precipitation of REE, the obtained powder was analysed by SEM using SE and
BSE for imaging and EDS for elemental analysis. Results are shown in Table II.1
and Figure 11.22.
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Composition
Elements
(atom. %)
La 51+0.2
Ce 3.6+1.3
Nd 20+0.1
Pr 06+0.1
™ -
Na 142+22
S 16.3+10.9

0] 58.2 +£40.0

Table II.11. Elemental analysis of the precipitate obtained at pH 1.7 by SEM-EDS.

La/Ce/Nd/Pr

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 keV

Figure I1.22. SEM analysis of the precipitate obtained at pH 1.7. A: SE image
(magnification x 100). B: BSE image (magnification x 2270). C: Elemental
analysis by EDS.

SEM-SE image provided in Figure I1.22-A gives topological information on the
general aspect of the powder. SEM-BSE image shown in Figure I1.22-B highlights
that the powder 1s chemically homogeneous as only one grayscale can be observed.
Finally, elemental analysis of the precipitate given in Figure I1.22-C and Table
I1.11 highlights the presence of 11.3 atomic percents of REE while no trace of TM

can be found. This confirms our assumption of a fully quantitative separation of
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La, Ce, Nd and Pr from Ni, Co, Fe and Mn. According to the literature and to
presence of sulfur (16.3 %) and oxygen (58.2 %) the presence of sulphate ligand is
expected. Moreover, 14.2 atom. % of sodium is spotted in the powder. This latter

information confirms that the white precipitate is a Na(REE)(SO4)2(S) salt. The

structure of the precipitated powder was thus investigated by XRD in Figure 11.23.
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Figure I1.23. XRD analysis of the precipitate obtained at pH 1.7.

The diffractogram obtained confirms the homogeneity of the compound as only
one diffraction pattern was observed. The latter compound is in accordance with
our previous results as well as with observations reported by Provazi et al. 2011,"*°
composed of a sodium lanthanide rare earth sulphate salt, namely

Na(REE)(SO4)2(S). The latter diffractogram is however unable to make the

difference between La, Ce, Nd and Pr salts, however quantification of all REE was

already obtained in Table II.11.

d. Conclusion
In this chapter, we reported a selectively REE precipitation step, thus isolating rare
earth elements from transition metals starting from a sulfuric acid leachate loaded
with metals from real spent NiMH batteries. To that end, the pH of the leaching

solution, initially containing 2 mol.L! H,SO4 was increased until a pH of 1.7 was
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obtained by adding an aqueous solution of 1.5 mol.L" sodium carbonate. Under
these conditions, a white precipitate was obtained. On the one hand,
characterization of the leachate shows that all REE have been precipitated, as
concentrations of La, Ce, Nd and Pr are under the detection limit of the apparatus.
On the other hand, characterization of the precipitate highlights no contamination
of Ni, Co, Fe and Mn. An homogeneous powder of sodium rare earth sulphate,

namely Na(REE) (804)2(5) was identified.
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IL.5

Conclusion

According to the specifications of the project depicted in Chapter I, the first goal

was to isolate the two main categories of elements found in NiMH batteries. This

is to say, Rare Earth Elements and Transition Metals. To this end, mechanical

treatments and classical hydrometallurgical processes were used. They may be

summarized as follows:

Mechanical Treatment

(1)

(ii)

A real spent NiMH battery was opened in a laboratory scale. The
negative electrode was fully characterized as it contains large amounts
of valuable metals in an intermetallic compound
Las 7Ce7 g§Nd, 3Pro gNisg 2C012.sMng 7. This powder will be used as an
“ideal” material in the present work.

To scale up this process, a mixture of real spent NiMH batteries was
mechanically treated at the recycling company Recupyl®. The Black
Mass (BM) obtained is composed of the intermetallic negative electrode
but also of the positive Ni(OH) electrode, Ni/Fe metallic grids and
various plastics. This will be our raw material in the construction of a

recycling process.

Leaching

Q)

(i1)

Optimization of the leaching of 1 g of ideal material was performed and
lead to the utilization of 10 ml of H,SO4 2 mol.L™" at 25 °C during 30
min. We claim that 94.2 % of the negative electrode is leached in those
conditions. The remaining solid residue is composed of carbon and
passivated nickel.

A similar trend was observed with the BM produced at Recupyl®
however the leaching yield is lower because of the presence of plastics

and metallic grids.
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(iif)

@iv)

v)

Lower particles offer more efficient and reproducible leaching
experiments because of their higher surface area and homogeneity
respectively.

H,S0O, is preferred to HCI because this acid presents higher leaching
yields for concentrations below 4 mol.L™'. Furthermore, sulfuric acid is
known to be less corrosive and does not release toxic gases compared to
hydrochloric acid.

According to our optimization studies, 10 ml of H,SO4 2 mol.L'! at 25
°C during 60 min was chosen to leach 1 g of BM produced at Recupyl®.
In those conditions, the leachate is composed of 91.3, 371.8, 93.2 and
11.9 mg of Fe, Ni, Co and Mn respectively and 18.8, 12.0, 4.3 and 1.2

mg of La, Ce, Nd, Pr respectively in an aqueous solution of 25 mL.

Selective precipitation

()

The pH of the previously described leachate loaded with valuable metals
was increased from -0.25 to 1.7 using 1.5 mol.L™! Na,CO; in water. A
white precipitate was obtained and separated from the aqueous solution.
Analysis of the leachate by ICP lead to no trace of REE. Analysis of the
precipitate by SEM and XRD leads to the observation of a

Na(REE)(S0,), (S)salt. No transition metals contamination was spotted in

the powder.

As aresult, a quantitative separation of Ni, Co, Mn and Fe from La, Ce, Nd and

Pr was obtained from spent NiMH batteries and can be summarized in Figure

11.24.
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Figure I11.24. Flowsheet corresponding to the separation of transition metals from

rare earth elements.
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CHAPTER III
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Neodymium and Praseodymium
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I[II.1 Introduction

According to Chapter II, a mixture of rare earth elements was obtained under the
form of a NaREE(SQ,), salt starting from real spent NiMH batteries. No evidence
of nickel, cobalt, manganese or iron was found in the powder highlighting a
quantitative separation of REE from TM. Because of the similar properties of
lanthanides and thus because of the difficulty of isolating them from one another,
75 to 80 wt. % of those elements are used without performing any separation
experiments.”>® As a result, the powder obtained after this precipitation step can
already be considered as a valuable product. However, because some applications
require the utilization of purified metals in their process, innovative separation
technologies for rare earth elements are required. NaREE(SO4), contains La (52 at.
%), Ce (33 at. %), Nd (12 at. %) and Pr (3 at. %). This Chapter will thus be
devoted to the separation of the two major elements, lanthanum and cerium. On the
one hand, separation and recovery of Ce from La, Nd and Pr will be investigated in
part I11.2 using oxidation and extraction techniques starting from a model mixture
of sulphate salts. On the other hand, based on the results obtained in section I1I.2,
a process for the recovery of pure cerium starting from spent NiMH batteries will
be studied in part II1.3. Precipitation and electrodeposition strategies will both be
studied in order to recover pure and valuable cerium. Finally, paths to reach the
separation of lanthanum from neodymium using pure ionic liquids will be

proposed in a last part (I11.4).
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II1.2 Separation of cerium from
lanthanum, neodymium and

praseodymium sulphate salts

This part is based on the following peer reviewed article:'*
e Gras.M, Papaiconomou.N, Chainet.E, Tedjar.F, Billard.I, Separation of
cerium(IIl) from lanthanum(IIl), neodymium(IIl) and praseodymium(IIl) by
oxidation and liquid-liquid extraction using ionic liquids, Separation and

Purification Technologies 178 (2017) 169-177.

I11.2.1 Introduction

Cerium is largely used in various applications such as phosphor lamps, polishing
media, automotive three way emission catalyst, nickel metal hydride batteries and
ceramics.?' %%

Successful separation of cerium(IV) in a mixture of two lanthanides (Gd and Yb)
and Th(IV) by liquid-liquid extraction techniques using ionic liquids was reported
previously by Zuo et al.*® The ionic liquid phase used by these authors was 1-
octyl-3-methylimidazolium hexafluorophosphate ([C;CgIM][PF¢]). Nevertheless,
the hexafluorophosphate anion is highly susceptible to undergo hydrolysis leading
to the formation of hydrofluoric acid.**® Therefore, another anion, so called

bis(trifluoromethanesulfonyl)imide [NTf,]” was considered in our work, since it is

chemically stable, does not produce any fluoride anion and exhibits an increased

hydrophobicity compared to PFs anion.”*'*** Two ionic liquids based on the
[NTS:] anion, namely I-methyl-1-butyl-pyrrolidinium
bis(trifluoromethylsulfonyl)imide, [C1C4Pyrr][NTH;] and

trihexyl(tetradecyl)phosphonium bis(trifluoromethylsulfonyl)imide, [Pees14][NTT2],

were used. The former exhibits a low viscosity, which is advantageous for efficient
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and rapid liquid-liquid extraction steps, while the latter exhibits an increased
hydrophobicity compared to [C;C4Pyrr][NTf;] because of the long alkyl chains

appended onto the cation.'”’

First, cerium(IIl) will be oxidised in cerium(IV) by dissolved oxygen in a sodium
hydroxide solution. Then, after dissolving all metal ions in nitric acid, cerium(IV)
will be separated from La(III), Nd(III) and Pr(IIl) by liquid-liquid extraction using
two different ionic liquids, namely [C|C4Pyrr][NTf,] or [Pees1a][NTT2],
accordingly. Finally, cerium will be recovered by performing a stripping step.
Reuse of [C;C4Pyrr][NTf;] in an extraction process will also be presented by
carrying out ten cycles of alternating extraction and stripping steps using the same
ionic liquid.

In this chapterafter the experimental section, results dealing with the
spectrophotometric properties of lanthanides, oxidation of Ce(III) to Ce(IV) and
single cerium extraction from nitric acid solutions towards an ionic liquid will be
given. Cycling of the ionic liquid in ten consecutive extraction and stripping steps
and investigation on a full process for separating cerium from other lanthanides

starting from a mixture of lanthanide sulphates will also be presented.

II1.2.2 Ocxidation of Ce(IIl) in alkaline conditions

a. Experimental section

In a reactor placed in a temperature-controlled water bath, typically 1 g of
cerium(IIl) sulphate was mixed with 20 mL of sodium hydroxide in water. The
concentration of NaOH ranged between 0.2 and 2.0 mol.L"'. The mixture was
vigorously stirred at 30°C or 50°C. After 3 hours of reaction, the solution was
cooled down at room temperature and was filtered under vacuum (Biichner
filtration assembly). The precipitate was rinsed with a minimum of water and dried
during 12 hours at 50°C. 50 mg of the resulting powder was weighed and dissolved
in 15 mL of a solution of 8.0 mol.L"' H,SO,. The aqueous solution obtained was
then diluted 250 times with the same stock solution of sulfuric acid and was
analysed by UV-visible spectrophotometry.

Additionally, approximately 1 g of cerium(IIl) sulphate was mixed with various

masses of praseodymium(IIl), lanthanum(IIl) and neodymium(IIl) sulphate in
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order to have equimolar amounts of each rare earth metal. The mixture was then
put in contact with a solution containing 2.0 mol.L™' NaOH at 30°C following the
same procedure as that detailed above. Then approximatively 12 mg of the
resulting sample was dissolved in 10 mL of sulfuric acid 8.0 mol.L™". After diluting
the latter solution 30 times using 8.0 mol.L"! H,SOy, the analysis of the solution
was carried out by UV-visible spectrophotometry. ANNEX 1-D will be devoted to

UV-vis analysis.

b. Measurments

Measurements of the concentrations of Ce(IIl) and Ce(IV) for the oxidation
experiments were obtained using UV-Vis absorption spectroscopy. Calibration
solutions containing 4.0x10* to 2.0x10” mol.L™" Ce(III) or between 2.0x10~ and
2.0x10™ mol.L"' Ce(IV) were prepared in 8.0 mol.L™' H,SOy4. The Beer-Lambert’s
law was applied at each maximum absorption wavelengths (Aceam= 242 nm,
Aceavy= 315 nm) obtained from spectra recorded from 200 to 600 nm.?? In all
cases, calibration curves are straight lines and correlation factors above 0.99 were
obtained.

Oxidation yield for the precipitated Ce(IV), so called Y« was defined as follows:

You = wis x 100 (32)
"crél(m)

Nceqvy 18 the number of moles of cerium(IV) that is precipitated after oxidation. It
is calculated from the mass of precipitate and the concentration of cerium(IV)
measured by the UV-visible spectrophotometer as detailed in the experimental

part. nICTéi(tm) corresponds to the number of moles contained in the mass of

Cez(S0y4)3 (namely 1 g) initially used for these experiments.

c. Results
Spectroscopic properties of lanthanides
The spectra of two solutions containing 4.0x10” Ce(IV) or 2.0x10” mol.L™
Ce(III), in 8.0 mol.L™' H,SO4 were recorded. Similarly, the UV-vis spectra of three
solutions containing 1.0x102 mol.L" of either lanthanum, praseodymium or
neodymium salts were recorded. € values of all REEs were obtained according to

the Beer-Lambert law. The molar extinction coefficients of all lanthanides studied
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here were plotted against the wavelength and are shown in Figure III.1. The
maximum absorption wavelengths and the corresponding molecular extinction

coefficients for Ce(IIl) and Ce(IV) are also collected in Table III.1.
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Figure II1.1. Molar extinction coefficients for A: Ce(IV) in orange and Ce(IIl) in
grey lines in 8.0 mol.L"! H,SO, and B: Nd(III) in purple, La(IIl) in grey and Pr(III)
in green lines in 8.0 mol.L™! H,SO4

Molar extinction coefficient (g)

(L.mol™.cm™)

Rare Earth Elements A=212nm A=242nm A=315nm
Ce(IV) 2974.3 2718.4 7865.1
Ce(III) 245.21 590.53 0.70
La(I1I) 3.23 2.67 0.13
Nd(I1T) 9.93 1.67 0.90
Pr(I1I) 50.35 0.2 0.11

Table III.1. Molar extinction coefficient for Ce(IV), Ce(III), La(III), Nd(IIT) and
Pr(IIT) at 212, 242 and 315 nm.
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Comparison of the spectra of all lanthanides reveals that Ce(III) and Ce(IV) exhibit
strong absorption bands compared to La(III), Pr(IIl) and Nd(III). These results are
in agreement with the literature.”**2*® Besides, the absorption band centred around
315 nm observed on the spectrum of Ce(IV) exhibits a very high & value, and does
not overlap with the absorption spectra of Ce(III).

At 315 nm, the molecular extinction coefficients of Ce(III), La(IIl), Nd(III) and
Pr(III) never exceed 1 L.mol.cm™. It can therefore be stated that the influence of
Ce(IIl), La(IlT), Pr(IIl) and Nd(III) on the intensity of absorption at 315 nm
recorded for a mixture of these lanthanide ions is negligible. Therefore,
concentration for Ce(IV) will be measured throughout this part by using the

intensity of absorption recorded at 315 nm.

Oxidation of Ce(Ill)

The simple oxidation of cerium(Ill) in cerium(IV) without the other Ln(IIl) was
studied under alkaline conditions. Under such conditions, the insoluble solid of
Cey(S0Oy4); is known to react and form an insoluble cerium(IV) hydroxide salt,
Ce(OH)4.>*” Visually, a change in colour, starting from white for Ces(SO4); to
yellow is observed. This is a clear indication of the presence of Ce(OH)4 in the
precipitate. Note that neither Ce,(SO4)s;, nor Ce(OH)s; or any other lanthanide
hydroxide salts are soluble in water. The oxidation yield of Ce(IIl) was studied at
two temperatures, namely 30 and 50 °C respectively. Results are shown in Figure
I11.2.

At 30 °C, a monotonous increase in the oxidation yield (Y,) with NaOH is
observed. Values of 4.2 % and 83.3 % are obtained at 0.2 and 1.0 mol.L"' NaOH
respectively. At 50°C and from 0.2 to 1.0 mol.L™' NaOH, Y, is always higher than
the oxidation yield observed at 30°C reaching values of 35.0 and 85.0 %
respectively. However, the oxidation yields obtained at 30 and 50 °C appear to
converge towards a mostly identical value, namely 87.7 % at 2.0 mol.L"' NaOH.
Overall, more than 87 % of Ce,(SO4); is found to be oxidised in Ce(IV) using a

large excess of caustic soda at 30 and 50 °C.
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Figure IIL.2. Oxidation yield of cerium for several concentrations of sodium
hydroxide. At 30°C: blue triangle, at 50°C: red square.

d. Discussion
Cey(S04); is a salt exhibiting a low solubility in an alkaline aqueous solution.
According to several reports, > **®** Ce,(SO4)s, which exhibits a white colour,
reacts with OH™ under slightly basic conditions yielding the formation of a

248

Ce(OH)s precipitate, which is also white. The reaction is described in the

following equation:

Cez(SO4)3.tzO + 6NaOH — 2CC(OH)3 + 3Na,S04 + xH,0 (33)

The amount of NaOH required for the previous equation to occur needs to be in
slight excess, namely up to 1.25 times its stoichiometric ratio when the reaction
occurs at 70°C.***

By contrast to this chemical scheme, mixing Ce»(SO4); in an aqueous solution
containing a high concentration of NaOH was reported to yield oxidation of Ce(III)
in Ce(IV), and subsequently to the formation of a yellow precipitate of
Ce(OH)4.2%*! According to a revised potential-pH diagram of Ce-H,O (reedited
in Figure I1L.3), Hayes et al.*>**"' demonstrated that even though cerium(III) can
form Ce(OH); under alkaline conditions, oxidation of Ce(Ill) and subsequent

formation of Ce(OH), is thermodynamically possible when the pH exceeds 10.
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Figure II1.3. Updated E-pH diagram of Ce-H,O system. Reedited from: Hayes et
al. The phase stability of cerium species in aqueous systems, J. Electrochem. Soc,
149 (12) C623-C630 (2002).**°

Indeed, the redox potential for Ce(OH)s;/Ce(OH)4 is -0.45 V vs. NHE at pH
14.7%%°! This experimental value is based on the K, of Ce(OH); and Ce(OH),4

0236252 and on

found in the literature, respectively 2.2x1072° and 1.0x107° at 25
the redox potential of cerium at pH = 0 which is 1.44 vs. SHE. Since the redox
potential of O,/OH" is typically 0.4 V vs. NHE at pH 14%°%%%! one can obtain

formation of Ce(OH)4 through the following equations :

4Ce(OH); + 40H > 4Ce(OH)4 + 4¢” (34)
0, + 2H,0 + 4e” > 40H (35)
4Ce(OH); + 0, + 2H,0 «> 4Ce(OH)4 (36)

This reaction being the combination of two half reactions, namely the oxidation of
Ce(III) and the reduction of O,. At this point, it is worthwhile noticing that the low
solubility in water of cerium hydroxides reported at 25 °C implies that the amount
of cerium remaining in water upon oxidation of Ce(III) is negligible. This implies
that all Ce(IV) ions formed precipitate as Ce(OH)4 and are therefore recovered by
filtrating the solution.

In our experiments at 2.0 mol.L™" of caustic soda, the amount of NaOH is over 40
times the amount of Ce(III) and the pH is slightly higher than 14. The experimental
conditions are thus favourable to the formation of Ce(OH)4, as proven by our

experimental results gathered in Figure IIL.2. As seen on Figure III.2, increasing
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the temperature appears to have a positive impact on the oxidation of cerium(III).
Only 0.5 mol.L"' sodium hydroxide is required at 50°C compared to 1.0 mol.L™" at
30°C in order to reach a molar fraction of cerium(IV) close to 80 %. This result
can be due to an enhancement of the diffusion of oxygen in the reactor which
directly impacts the oxidation yield of cerium.**” Moreover, the higher the pH, the
higher the oxidation yield of Ce(III). This result is in accordance with Hayes et al.

250,251
results™™

and can be explained considering that the higher the pH, the more
thermodynamically favourable is the oxidation of Ce(OH); in Ce(OH)a.

Please note that the oxidation of cerium(IIl) sulphate in cerium(IV) hydroxide in
caustic soda is an heterogeneous reaction involving a liquid and a solid phase. The
kinetics of oxidation is therefore expected to be rather low. Further optimisation of
this process could also be envisaged using an ultrasonic setup and/or ozone as an
oxidant species.

According to our results, acceptable conditions for oxidizing 1 g Ce,(SO4); to

Ce(OH), is to use 2 mol.L™' of NaOH in water (20 mL) at 30°C during 3 hours.

II1.2.3 Liquid-Liquid extraction of Ce(IV) by ILs

a. Experimental section

Single extraction of lanthanides

Extraction experiments were carried out in a centrifuging tube, mixing equal
volumes of an ionic liquid with a solution containing 2.0x107 mol.L"" of
cerium(III), lanthanum(IIl), neodymium(Ill), praseodymium (III) and ceritum(IV)
in aqueous solutions of nitric acid between 1.00 and 4.00 mol.L™". [Pess14][NTH,] or
[CiC4Pyrr][NTf,] were used accordingly as extracting phase. Additionally,
extraction of Ce(IV) from solutions containing 1.00 and 3.45 mol.L™' of nitric acid
and between 1.0x107 and 2.0x10”> mol.L"' Ce(IV) was carried out using
[C1C4Pyrr][NTHt,]. After stirring the tubes for 20 min on a shaker, centrifugation
was carried out for 10 min at 6000 rpm.

All aqueous phases were analysed by ICP-OES before and after extraction

experiments.
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Full extraction process of Ce(Ill) from a mixture of REE sulphate salts

A mixture of cerium, praseodymium, lanthanum and neodymium sulphate salts was
prepared. Oxidation experiment of the latter was carried out in 2.0 mol.L"' NaOH
at 30°C. The resulting precipitate was then dissolved in 3.45 mol.L™' nitric acid.
The amounts of each lanthanide salts and the volume of nitric acid solution were
chosen in order to reach a final solution containing 1.0x102 mol.L" of lanthanide
ions. 1 mL of this aqueous phase was then mixed with 1 mL of [C;C4Pyrr][NTf;]
in a centrifuging tube. The two phases were stirred for 20 min and centrifuged for
10 min at 6000 rpm. Once separated from the ionic liquid, the aqueous phase was

analysed by ICP-OES.

Stripping of Ce(1V) and consecutive extraction cycles

After extraction of an aqueous solution containing 1.0x10? mol.L™" Ce(IV) and
3.45 mol.L™! HNO; by [C{C4Pyrr][NTT;] in the same conditions as detailed above,
the two phases were separated. 1 mL of the organic phase was stripped using 2 mL
of HNO; = 1.00 mol.L™'. Within this work, an extraction step followed by a
stripping step will be defined as an extraction cycle.

The resulting ionic liquid phase was separated from the aqueous phase and reused
in another extraction cycle. Ten consecutive cycles of extraction were carried out.

Aqueous phases before extraction and after stripping were analysed by ICP-OES.

b. Measurements

Measurements of the concentrations of lanthanides in their third oxidation state,
denoted as Ln, were also carried out using Inductively Coupled Plasma (ICP)
analysis. To that end, calibration solutions ranging from 7x10 to 7x10™* mol.L™!
Ln (A° Ce =418 nm, A° La =379 nm, A° Nd = 406 nm and A° Pr = 391 nm) in 1.00
and 4.00 mol.L™! HNO; were used. The influence of concentration of nitric acid on
the measurement was found to be small, typically within the experimental error. A
particular attention was also devoted to interferences that can exist between rare
earth emission lines.?>*

According to our experimental protocol, we assume that the minimum and
maximum calculable values for D are 1x107 and 1400, respectively.

The separation factor of cerium(IV) from lanthanides(III) is a good indicator of the

efficiency of the separation and can be described by the following equation:
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ce(lv) _ Dceav)
BLn(m) - Drnqiin (37)

The efficiency of the consecutive extraction cycles, expressed in percentage can be

defined by the following equation:

_[ceV)]s x Vg

T [ceV)]o X Vag x 100 (38)

C

where [Ce(IV)]; represents the concentration of cerium(IV) in the stripped phase in

mol.L" and V; is the volume of the stripped phase in millilitres.

c. Results
Single extraction of lanthanides
Extraction of Ce(IV) towards [C;C4Pyrr][NTf,] and [Pgesi4][NTE,] was studied
using aqueous solutions containing between 1.00 and 4.00 mol.L™' HNO;. Visually,
the influence of the acidity of HNOs is clear. The higher the concentration of the
acid, the more intense the yellow colour of the ionic liquid and the less intense that
of the aqueous phase after extraction. Snapshots of extraction experiments are

collected in Figure I11.4.

Before
Extraction

After
Extraction

[HNOs]

1.00 1.70 2.44 2.95 3.45 4.00
(mol/L)

Figure II1.4. Snapshots of cerium(IV) extractions by [Pees14][NTf,] at various
concentrations of HNOj;
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Distribution coefficients for Ce(IV) extracted towards [C;C4Pyrr][NTf;] or
[Psss14][NTT,] are shown in Figure IIL.5 and Figure II1.6 respectively. Values for

distribution coefficients and separation factors are collected in
Table I11.2.

Experiments carried out using [C;C4Pyrr][NTT;] (see Figure IIL.5) reveal on the
one hand that the distribution coefficients for all Ce(III), La(IIl), Nd(III) and
Pr(IIT) are negligible at any concentration of nitric acid. On the other hand,
extraction of Ce(IV) from the aqueous phase is strongly influenced by the
concentration of HNO;. Extraction remains low below 2.44 mol.L "' HNOs. Values
of 0.01 and 1.03 for D are obtained at 1.00 and 2.44 mol.L™' HNOj, respectively. A
strong increase in D is then observed above 2.44 mol.L™ of nitric acid, reaching a
value of 109 at 4.00 mol.L"' HNOs. In such a case, extraction of cerium(IV) is

considered quantitative. Separation factors of cerium(IV) from lanthanides(III)
(,BLCS((IIZ%) are always above 6x10° for La(Ill), Nd(III) and Pr(IIl) and equal to

1.71x10° for Ce(III).
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Figure IIL5. Distribution coefficients for lanthanides ([Ln] = 2.0x10 mol.L™")
extracted separately towards [C;C4Pyrr][NTf;] at various concentrations of HNOj;.
A: Cerium(IV) in orange diamond and cerium(IIl) in black dotted line. B:
lanthanum(III) in grey square, neodymium(IIl) in purple diamond, cerium(IIl) in
black dotted line and praseodymium(III) in green triangle.
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The situation is quite similar in [Peee14][NTT;]. Extraction of Ln(III) towards
[Pess14][NTT,] is negligible, as shown in Figure III.6, while extraction of
cerium(IV) increases markedly over the whole concentration range of HNOj3. D
starts from 0.62 at 1.00 mol.L"' HNOj; and reaches values of 29.0 and 52.3 at 3.45
and 4.00 mol.L"' HNOjs respectively.
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Figure IIL.6. Distribution coefficients of lanthanides ([Ln] = 2.0x10 mol.L™")
after single liquid-liquid extractions by [Peeei4][NTf:] at various concentrations of
HNOs;. A: Cerium(IV) in orange diamond and cerium(III) in black dotted line. B:
lanthanum(III) in grey square, neodymium(IIl) in purple diamond, cerium(IIl) in
black dotted line and praseodymium(IIIl) in green triangle.
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Ionic Liquid D ﬁfflg',%
([Egcﬁi]) 1.00 170 244 295 345 400 4.00
La(Ill) 1.41x10™ - 770 x 10* - - 3.14x10" 3.48x10°
Nd(III) 2.10 x 107 - 2.65x10° - - 779%10° 1.40 x 10*

[C.CPyrr][NTf,]  Pr(Ill) 1.66 x 10 - 3.42x10° - - 172x107 6.36x10°
Ce(Ill) 4.61 x 107 - 592x10% - - 641x10% 1.71x10°
Ce(IV) 9.80 x 107 2.04 x 10 103 256 57.1 109.4 -
La(Ill) 2.91 x 107 - 141 x107 - - 328x107 1.59x10°
Nd(III) 1.28 x 107 - 1.22x10% - - 1.49x107 3.51x10°

[Pessia]INTF,]  Pr(IlI) 2.10 x 107 - 2.10x 107 - - 258x107 2.03x10°

Ce(Ill) 2.10 x 107 - 534x107 - - 1.09x10" 4.80x10°
Ce(IV) 6.23 x 107 1.14 1.94 7.6 29.0 523 -

Table IIL.2. Distribution coefficients for lanthanides ([Ln] = 0.02 mol.L™")
extracted separately towards [C;C4Pyrr][NTf;] and [Peeei4][NTf,] at various
concentrations of HNO; and their related separation factors of cerium(IV) from
lanthanides(I1I) at 4.00 mol.L"' HNO:;.

Overall, the main difference between the two ionic liquids used here lies in the
maximum D value reached for Ce(IV). At 4.00 mol.L™' HNOs, D obtained using
[C1C4Pyrr][NTA;] is twice as high as that obtained using [Pgee14][NTE,]. This is

confirmed by the separation factors of cerium(IV) from lanthanides(IIl) which are

lower for [Pess1a][NTE] (1x10° < B < 5x10°) than for [C,CaPyrr][NT£].

Extraction of Ce(IV) starting from 2.0x10 mol.L"' Ce(IV) in 3.45 mol.L"' HNO;
using [C;C4Pyrr][NTf,] was also carried out. After centrifugation, the two phases
were left in contact during 24 hours before analysis. Visually, the strong yellow
colour exhibited by the ionic liquid due to the efficient extraction of Ce(IV), such
as the tube on the far right of Figure I11.4, faded away after 24 hours. Because the
aqueous phase did not gain any yellow colour, this could be an indication of a
reduction of Ce(IV) back to Ce(Ill), the latter not exhibiting any colour. This also
underlines the necessity of carrying out short stirring and centrifuging steps in the
overall recovery process for cerium. When phases are separated, Ce(IV) was found

to be stable within the ionic liquid over a period of a few days.
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Impact of cerium(IV) concentrations

Extraction of Ce(IV) towards [C;C4Pyrr][NTf;] starting from various initial
concentrations of cerium ions was studied wusing two different HNO;
concentrations. The distribution coefficients have been plotted against the
concentration of Ce(IV) in Figure II1.7. D values are also collected in Table II1.3.
At 2.44 mol.L™' HNOs, one can observe a low extraction of cerium(IV) (D = 1.03)
when starting with 1.0x102 mol.L"' of cerium(IV). Decreasing the metal
concentration leads to an increase in the distribution ratio, the latter reaching
values of 3.15 and 16.9 using 5.0x107 or 1.0x10 mol.L"' of cerium(IV) in the
aqueous phase accordingly. This phenomenon is even more marked at 3.45 mol.L™!
HNO:;. In this case, D values were found to be 57.1 and 246.2 using 2.0x10 and
1.0x10 mol.L™! cerium(IV) respectively.
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Figure IIL.7. Distribution coefficients for cerium(IV) extracted towards
[C1C4Pyrr][NTf,] at various concentrations of [Ce(IV)]o for two different nitric
acid concentrations. 2.44 mol.L! HNOj5: blue diamond, 3.45 mol.L"! HNO3: red
square.
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[Ce(IV)] D Ce(1V)

(mol.L™) 2.44 mol.L" HNO; 3.45 mol.L' HNO,
2.00 x 107 1.03 57.11

1.00 x 107 2.19 85.68
5.00x 107 3.15 209.41

1.00 x 107 16.95 246.20

Table IIL.3. Distribution coefficient for cerium(IV) using [C;C4Pyrr][NTf;] at
various concentrations of [Ce(IV)], for two different nitric acid concentrations.

Full process for the separation of Ce(Ill) sulphate from other lanthanides

A two-step process for recovering cerium as Ce(IV) from a mixture of lanthanide
salts Cez(S04)3, Nd2(SO4)3, LaCls, and PrCl; was carried out. According to the
results reported above, the experiments were performed solely with
[C1C4Pyrr][NTTf;]. Oxidation of Ce(Ill) to Ce(IV) under alkaline pH and in
presence of other lanthanides was first carried out. At the end of this step,
lanthanides are obtained as insoluble hydroxide salts. In a second step, these
hydroxide salts filtered from the solution and washed with water, were dissolved in
345 molL' HNO;. Ce(IV) was then selectively extracted towards
[CiC4Pyrr][NTT;]. Results for the extraction of all lanthanides are presented in
Table I11.4.

Mixture of D BCe(IV)

lanthanides Ln(1in)
Ce(IV) 74.9 -
La(l11) 2.80x 107 2.68 x 10"
Nd(I1) <1.00x 102 7.49 x 10*
Pr(Il1) 2.50x 107 2.97 x 10*

Table II1.4. Distribution coefficients for lanthanides and separation factors of
cerium(IV) from lanthanides(IIl) extracted towards [C;C4Pyrr][NTf;],
subsequently to an oxidation step using NaOH. Extraction carried out using 3.45
mol.L”" HNO; and 1 x 10 mol.L™! lanthanide ions.

In agreement with the results obtained for the oxidation of Ce(IIl) to Ce(IV)
detailed previously, the oxidation yield is 87.1 % in presence of other lanthanides.
Under these conditions, it appears that the presence of other lanthanides has no

significant influence on the oxidation of Ce(III).
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Furthermore and as expected in the extraction step of the process, a clear change in
the colour of the aqueous phase was observed within minutes, while the ionic
liquid changed from colourless to a strong yellow colour. The distribution
coefficient of cerium(IV) was calculated taking into consideration that the initial
cerium(IV) concentration in the aqueous phase, namely [Ce(IV)]o, represents 87.1
% of the total cerium concentration in the hydroxide precipitate. Because
cerium(IIl) is very poorly extracted in those conditions, the extraction of the
remaining 12.9 % of Ce(IlIl) has been neglected. The distribution coefficient value
for Ce(IV) is 74.9 which is in agreement with the value obtained for the single
extraction of Ce(IV) (D = 85.7). La(Ill), Nd(III) and Pr(IIT) are very poorly
extracted (D < 3.0x107). Resulting separation factors of cerium(IV) from La(III),
Nd(IIT) and Pr(II) are high, reaching values of 2.68x10% 7.49x10%, and 2.97x10*
respectively.

Overall, the process for separating Ce(IV) from Ln(III) appears feasible starting

from sulphate lanthanide salts using simple steps.

Stripping of Ce(IV) and consecutive extraction cycles

Based on the results displayed in Figure IILS5, stripping was investigated using an
aqueous phase containing 1.00 mol.L”" HNOs. Over 99.5 % of cerium(IV) was
recovered which demonstrates that the back extraction can be carried out
efficiently.

According to these results, the recycling of the ionic liquid and its further reuse as
an extraction phase were investigated carrying out ten consecutive extraction
cycles. According to our previous results detailed above, extraction was carried out
starting from 3.45 mol.L™' HNOs. The stripping of Ce(IV) from the ionic liquid
phase was then carried out using 1.00 mol.L"' HNOs. These two steps were then
performed ten consecutive times using the same sample of [C,C4Pyrr][NTf;]. The
efficiency of the consecutive extraction cycles (E.), corresponding to the amount
of Ce(IV) recovered from the ionic liquid after each cycle (see eq. 4), was plotted

against the number of cycles in Figure II1.8.
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Figure IIL.8. Consecutive extraction steps of cerium(IV) obtained by ten
extractions-stripping cycles of [Ce(IV)]o = 1.0x107? mol.L" in [HNO;3] = 3.45
mol.L™! by [CC4Pyrr][NTL,].

One can observe that 98.8 % of cerium(IV) initially dissolved in 3.45 mol.L™
HNO;3 was recovered from the ionic liquid after one extraction cycle. This value
slowly decreases as the ionic liquid is reused. After five cycles, E. exhibits a value
0f 90.1 %. After ten cycles, the value for E. is 88.7 %. Despite this slight decrease,
[CiC4Pyrr][NTAf,] appears to be promising extracting phase in a consecutive
extraction process for cerium. This is a key factor in the development of a whole
process for the recovery of cerium from lanthanide powders fitting the principles

of green chemistry.®

d. Discussion

Extraction of Ce(IV) was previously reported using bifunctional ionic liquids
derived from phosphine oxide, such as Cyanex® 923.2%?% To the best of our

knowledge, only one team worked on extraction of Ce(IV) in nitric acid using a
hydrophobic ionic liquid based on an imidazolium cation, namely 1-octyl-3-
methylimdiazolium  hexafluorophosphate ([CsMIM][PF¢]).*® Competitive
extraction of Ce(IV) from nitric acid solutions was carried out in presence of
Th(IV), Gd(IIT) and Yb(III). However because of the decomposition of the [PF¢]
anion and the risk of formation of hydrofluoric acid,** the concentration of nitric

acid was kept below 4.00 mol.L™". D for Ce(IV) was reported to increase linearly
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from 2 to 62 with [HNO3] ranging from 0.91 to 3.06 mol.L™". In their article, Zuo
et al.®® explained the extraction of Ce(IV) in terms of formation of a negatively
charged hexanitratoceriate(IV) complex and ion exchange with [PF4] anions.

Our results are in general agreement with those presented by Zuo et al. When the
concentration of nitric acid is low, typically below 2.44 mol.L™', Ce(IV) is mostly
not extracted. As seen in Figure I11.5 and Figure II1.6, the distribution coefficient
for Ce(IV) exceeds 1 when [HNO;] is above 2 or 2.44 mol.L™" using [Pese14][NT£]
or [C;C4Pyrr][NTf,] accordingly. Between 2.44 and 4.00 mol.L”' HNO;, D for
Ce(IV) obtained using [C;C4Pyrr][NTT;] is always higher than that obtained with
[Pess14][NTE,] resulting in stronger separation factors of cerium(IV) from
lanthanides(III).

These results can be explained by the fact that phosphonium ionic liquids '*®
exhibit higher viscosities than other ionic liquids such as [C;C4Pyrr][NTf,], which
hinders mixing the two phases and thus the extraction of the metal. However, this
may not be the only factor influencing the extraction efficiency. Even though some
papers have highlighted the presence of a negatively charged complex of cerium
nitrate, namely Ce(NO3)¢>,>%*" to the best of our knowledge, the speciation of
cerium(IV) nitrate complexes as a function of the nitric acid concentration has not
been extensively studied yet. It is thus difficult to discuss further which complex is
extracted towards the ionic liquid. According to our results, and in agreement with
some previous works obtained by our group dealing with the extraction of

platinum group metal ions**®**’

showing that such metallic ions are efficiently
extracted when they form single or double negatively charged complexes, above
2.44 mol.L"' HNO;, such a negatively charged polynitratoceriate(IV) complex is
most probably formed in the aqueous phase and extracted towards the ionic liquid.
Actually, assuming the presence of a negatively charged cerium(IV) complex and
assuming that extraction occurs with the help of an ion pair formation, as detailed

in a recent article,259

the lower the concentration of cation, the lower the ion pair
formation with a cerium(IV)-nitrate complex. Please note that considering an ion
exchange mechanism yields the same result, since it was recently proven that in an
ionic liquid, these two mechanisms are actually identical.>*?°° Briefly and
following previous results obtained for the extraction of PtClg™ towards an ionic

liquid, the ion pair formation can be described in our case as follows:
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(n—4)[Cat]* + Ce(NO)P™ s [Cat],_a] Ce(NO3)E™)] (39)

[Cat]” is the ionic liquid cation in the aqueous phase, and the bar refers to the
species in the organic phase. n is superior to 4 in order to obtain a negatively
charged complex of cerium. In addition, the solubility in water of the ionic liquid
can be written as:

[Cat][NTf,] < Cat* + NTf; (40)

One can deduce that the lower the solubility in water of the ionic liquid, the lower
the amount of ionic liquid available in the aqueous phase and the lower the
extraction of the metal ion. This is observed experimentally. Moreover, for a given
solubility in water of the ionic liquid, hence a given concentration of ionic liquid
cation in water, the higher the excess of Ce(IV) compared to [Cat]", the lower the
possibility to form hydrophobic ion pairs, and the lower the extraction of Ce(IV).
The latter statement is in line with data displayed in Figure IIL.7: for the same
ionic liquid and at a given nitric acid concentration, the distribution coefficient for
Ce(IV) decreases with the metal concentration. At a concentration of HNO; of 3.45
mol.L"', D decreases from 86.7 down to 57.1 when the concentration of Ce(IV)
increases from 1.0x107to 2.0x10 mol.L™". Using ionic liquids, such a decrease in
the distribution coefficient with the initial concentration of metal ions has been

1 184,191 .. . ..
83184191 This is now known to be in contradiction

observed in many experiments.
with the results obtained when classical organic solvents are used as an extracting
phase. In the latter case, D is generally constant as the metal concentration
increases, until the saturation of the organic phase, sometimes leading to the

formation of a third phase.*®'*%*

Furthermore, the extraction mechanism of Ce(1V)
in NTf2-based IL will release in the aqueous phase some NTf2- anions therefore,
the solubility of bis(trifluoromethanesulfonyl)imide anions in water can limit the
extraction.

Competitive extraction of Ce(IV) in presence of other lanthanides such as La(III),
Ce(Ill), Ce(IV), Nd(II) and Pr(IIl) was successfully carried out. Because all
lanthanide ions in their third oxidation state do not form any negatively charged

complexes in presence of nitrate ions, they remain in the aqueous solution, which
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is in agreement with previous results.®® This explains why Ce(IV) is preferentially

extracted compared to other lanthanide(III) ions.

I11.2.4 Conclusion

In this part, a process for recovering cerium from a mixture of lanthanide salts
namely cerium, lanthanum, praseodymium and neodymium was investigated.
Cerium(III) sulphate was firstly oxidized by oxygen in a reactor containing 2.0
mol.L”! NaOH at a temperature of 30°C and after 3 hours of stirring. At that stage,
more than 87 % of cerium was oxidized and precipitated out as Ce(OH)4 while
lanthanum, neodymium and praseodymium precipitated as Ln(OH);. Lanthanide
hydroxides were then dissolved in 3.45 mol.L™" nitric acid before being extracted
towards [C;C4Pyrr][NTf;]. The latter gave better results than [Pges14][NTT,2]. Only
cerium(IV) is loaded in the organic phase. Indeed, the distribution coefficient of
cerium(IV) reaches 85.7 when the metal concentration is of 1.0x10? mol.L™" while
lanthanum, neodymium and praseodymium are very poorly extracted in the ionic
liquid (D < 3.0x107). Our results indicate that liquid-liquid extraction of Ce(IV)
can be enhanced by decreasing the metal concentration and increasing the nitric
acid molarity. Finally, cerium can easily be recovered in an aqueous phase by
performing a simple stripping step using a solution of 1.00 mol.L"' HNO:;.
Consecutive extraction and stripping steps were carried out showing that the ionic
liquid can be regenerated at least ten times.

To conclude, liquid-liquid extraction of cerium(IV) in a nitric acid solution from
heavier lanthanides, such as Gd(III) and Yb(III) respectively was performed by
Zuo et al.*® with [CsMIM][PF]. In our work, separation of cerium(IV) from light
lanthanides starting from nitric acid solutions towards two ionic liquids, namely,
[Pes14][NTE,] and [C C4Pyrr][NTf,] was carried out. Results imply that
cerium(IV) in nitric acid will always be separated after extraction towards a
NTf," based ionic liquid from lanthanides if the competitive metals do not form
negatively charged complexes with nitrates.

Based on those results, the previous process will be applied to isolate cerium from

a sulphate lanthanide powder obtained from spent NiMH batteries in Chapter II.
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III.3 Recovery of cerium from spent

NiMH batteries

II1.3.1 Extraction of cerium in spent NiMH batteries

a. Introduction
According to the results obtained in Chapter II and III the recovery of pure
cerium starting from end-of-life NiMH batteries will be presented here following

the modus operandi detailed below.

b. Experimental section

Starting from 1 g of NaREE(SO4); obtained in Chapter II, the powder was mixed
with sodium hydroxide 2 mol.L™" during 3 hours. After filtration, the solid phase
was dried (50 °C during 12 h) and a small proportion of the obtained powder was
dissolved in sulfuric acid for UV-vis analysis following the experimental method
developed in part II1.2.

The yellow powder obtained was dissolved in nitric acid 4 mol.L™ in order to
obtain a concentration of cerium close to 1.5.102 mol.L". 20 mL of the following
solution was put in contact with 20 mL of [C,C4Pyrr][NTf;]. After stirring the tube
for 20 min on a shaker, centrifugation was carried out for 10 min at 6000 rpm. The
ionic liquid phase was isolated from the bottom aqueous one. Cerium was stripped
from the IL using 40 mL of HNO; 1 mol.L"' in water and shaking for 20 min.
Finally, the stripping phase was separated from the organic phase and the pH of the
solution was set to 10 adding NaOH 2 mol.L"' under agitation. The remaining
precipitate was recovered by filtration and dried during 3 hours in an oven at 80 °C
before being analysed by XRD and SEM.

All aqueous phases were analysed by ICP-OES before and after extraction,

stripping and precipitation experiments.
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c. Results and discussion

The complete flow sheet for cerium recovery starting from NaREE(SO4), is

depicted in Figure I11.9.

NaOH 2 mol.L?
NaREE(SO,), t=1h A=50°C Ce(OH), + Ln(OH),

1 t=12h

Oxidation l—'l Filtration |—| Drying I—

oA

HNO; 1 mol.L NaOH 2 mol.L™!

| }

4: Stripping I'—| Precipitationl

HNO; 4 mol.L! [C,C,4Pyrr]NTS,]

|

Y |
;‘ aq ‘ o [C1C4PVF|T][Nsz] @a@ Ce(OH),

A=80°C| Drying I .
t=3h

Figure IIL1.9. Flow sheet for the recovery of pure cerium hydroxide starting from
NaREE(SO4), produced from spent NiMH batteries.

The total concentrations of all lanthanides in aqueous solutions i.e before and after
extraction, after stripping and after precipitation are analysed by ICP as well as the
concentration of Ce(IV) in the oxidized hydroxide powder is analysed by UV-vis
spectrometry and are depicted in Table IIL.5.
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Ln(OH), Aqueous solutions
Concentration Before After
4 Oxidation . . Stripping  Precipitation
(mg.g" of BM) extraction extraction
La 19.40 + 0.3 19.40 +£0.3 19.44 £0.3 <0.3 <0.3
Ce 14.05 +£0.3 14.05 +£0.3 1.76 £0.3 12.24+£0.3 <0.3
Nd 6.03 £0.3 6.03 £0.3 6.09 +£0.3 <0.3 <0.3
Pr 2.12+0.3 2.12+£0.3 2.11+£0.3 <03 <0.3
Ce(1V) 12.46 £0.5 - - - -
Yox (mol. %) 88.7 - - - -
Concentration Before After
4 - . . Stripping  Precipitation
(g.L) extraction extraction
La - 290+0.04 2.92+0.04 <0.04 <0.04
Ce - 2.11+£0.04 0.24+0.04 0.93 <0.04
Nd - 0.90+0.04 0.91+0.04 <0.04 <0.04
Pr - 0.32+0.04 0.32+0.04 <0.04 <0.04

Table IIL.5. Mass balance for oxidation, extraction, stripping and precipitation
steps in the overall process of cerium separation from lanthanum, neodymium and
praseodymium.

Focusing on the oxidation step, more than 88 mol. % of cerium(IIl) has been
oxidized to Ce(IV) as hydroxide salts. The three other REE, namely, lanthanum,
neodymium and praseodymium remained in their third oxidation state. This result
is in full agreement with our work developed in part IIL.2. Liquid-Liquid
extraction performed in nitric acid using [C;C4Pyrr][NTf;] allowed us to extract
more than 87 % of the total cerium which represents 97.8 % of Ce(IV). After
stripping, the quantity of mater of cerium in the aqueous phase is equal to the
difference between the quantity of mater of cerium before and after extraction. In
other words, cerium was quantitatively loaded in an aqueous phase by regenerating
the ionic liquid during the stripping step.

Finally, no trace of cerium can be found in the aqueous solution after precipitating

it under hydroxide by increasing the pH of the solution.

The shape and semi-quantification of the precipitate is shown in Figure I11.10.
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Figure II1.10. SEM analysis of the recycled cerium obtained from spent NiMH
batteries. A: SE image (magnification % 500). B: Elemental analysis by EDS.

Hydroxide particles present a high purity as no other rare earth elements can be
spotted. This is strengthened by the absence of lanthanum, neodymium and
praseodymium in the aqueous phase before the precipitation step. We thus bring
the proof, that cerium contained in spent NiMH batteries can be recycled and
recovered after being isolated from all transition and rare earth metals. Efficiency

of the overall process is shown in Figure II1.11.
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Figure III.11. Recycling yield for cerium after each leaching, precipitation,
oxidation, extraction, stripping and precipitation steps on the overall recycling
process of spent NiMH batteries.
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Our results reveal that over 86 molar percent of pure cerium is recycled starting
from NiMH batteries. This represents 12.24 mg of Ce extracted per gram of black
mass.

It is worth noticing that the less efficient step is the oxidation of Ce(III) to Ce(IV)
(oxidation yield of 88.7 mol. %). The difficulty of increasing this yield is related to
(1) the heterogeneity of the solid/liquid mixture that hinders the diffusion of
oxygen in the hydroxide particle (i1) a passivation mechanism of Ce(OH)4 to CeO,.
Several solutions could be investigated:

-An ultrasonic probe could be used to (i) enhance the mixing between the solid and
the liquid phase (ii) oxidize cerium to its fourth oxidation state by the production
of radicals, ranging on the frequency of the probe.?®?

-According to the potential-pH diagram of Ce-H,O system,250 Ce(IIT) cations

could be oxidized to Ce(IV) in a fully homogeneous acidic aqueous phase by

ozone bubbling.

II1.3.2 Electrodeposition of cerium in an ionic liquid: an alternative

recovery strategy

This part was carried out in collaboration with Céline Bonnaud during her PhD
thesis untitled: “Towards a recycling process of permanent magnets based on rare

’

earth elements by electrochemistry in an ionic liquid media ”.

a. Introduction

In order to study an alternative way to recover pure cerium after it is loaded in an
ionic liquid without using a stripping method, electrochemical deposition of
cerium(IV) in the IL was investigated.

Starting from Ce(III) carbonate salts, Hatchett et al. 2012** showed that cerium is
able to be reduced to metallic particles after dissolution in [N4;;1][NTf;] by using
the conjugated acid, HNTf,. However, up to our knowledge, consecutive extraction
and electrodeposition steps were never reported in the literature for the recovery of
cerium. It is worth noticing that neodymium was successfully loaded from an
aqueous phase to an ionic liquid based on an octylphosphite anion in the work of

Zarrougui et al. 2017 before being deposited in the ionic liquid. However, this
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IL is unable to isolate one rare earth element from another after one extraction
step.

In this work, we present the consecutive separation of Ce(IV) from La(III), Nd(III)
and Pr(IIT) by liquid-liquid extraction in [C;C4Pyrr][NTf;], and electrodeposition

of cerium in the same media.

b. Experimental section

After performing a liquid-liquid extraction of Ce(IV) in a 4 mol.L' HNO; aqueous
solution by [C;C4Pyrr][NTf;] depicted in part IIL1.3.1, the ionic liquid phase
containing approximatively 1.5 mol.L™ of cerium was sampled and separated from
the aqueous phase. A small aliquot of [C,C4Pyrr][NTf,] was taken to measure the
water content before and after extraction by Karl Fischer titration (ANNEX 1-E). 5
mL of the ionic liquid is sampled and poured in a temperature-controlled reactor.
A three-electrode array setup is soaked in [C;C4Pyrr][NTf;] loaded with Ce(IV).
The setup is composed of a gold rotating working electrode (WE) of 0.196 cm
diamater, a platinum wire immersed in ferrocene/ferrocenium (Fc/Fc’) in
equimolar conditions used as a reference electrode (RE). The redox couple was
separated from the bulk by a glass frit. A platinum grid was used as a counter
electrode (CE). The working electrode is polished with a diamond paste and rinsed
before all experiments. All experiments were carried out under hydrodynamic
control, the rotating speed of the working electrode being set to 500 rpm. The
temperature of the bath was set to 25 °C. Cyclic voltammetry was obtained
between -3 and 2 V vs. Fc/Fc¢' for neat [C,C4Pyrr][NTf,] and between -3 and 0 V
vs. Fc/Fc" for [C1C4Pyrr][NTf;] loaded in Ce(IV) after extraction. The scan rate
was set to 0.05 V.s'. Electrodeposition of cerium was carried out by
chronoamperometry techniques at -2 V vs. Fc/Fc™ during 2 hours. The working
electrode is then removed from the ionic liquid phase and washed with water and
ethanol. The gold WE was then dried overnight at room temperature before being

analysed by SEM.

c¢. Results and Discussion

Cyclic voltammetry (CV) measurements are shown in Figure I11.12.
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Figure II1.12. Cyclic voltammetry experiments recorded at a scan rate of 0.05 V.s~
! The temperature is set to 25°C and the rotating speed is 500 rpm. Grey curve:
neat [CC4Pyrr][NTf,]. Yellow curve: [C;C4Pyrr][NTf;] loaded withCe(IV) after
extraction in a nitric acid media.

CV of the neat IL shows a relatively flat signal between -2.5 and 1.5 V vs. Fc/Fc'.
Beyond the latter values, degradation of the solvent takes place and defines the
limit of the electrochemical window of [C;C4Pyrr][NTf,]. At -3.0 V vs. Fc/Fc', the
reduction of NTf, anion can occur, leading to the formation of SO,CF;™ and CF5/,
according to previously reported FTIR measurements.*®* Regarding the IL loaded
with cerium after extraction, the trend is much different. Even if the signal is flat
in the range 0 to -1.0 V vs. Fc/Fc', a reduction peak having an onset at -1.5 V vs.
Fc/Fc' can be spotted. A shoulder can be observed at -2.2 V vs. Fc/Fc¢' exhibiting a
current density (j) of -0.5 mA.cm?. Below that potential, j drops down to a value
close to -2.0 mA.cm? at -3.0 V vs. Fc¢/Fc'. As a result, the electrochemical window
of the IL after extraction seems much smaller as the reduction of the solvent is
stronger at -3.0 V to vs. Fc/Fc' than what is observed with the neat ionic liquid.
Furthermore, unveiled increase in the solubility of water in non-polar ionic liquids
were reported when the aqueous phase with which they were in contact had high
acidic concentrations (Ternova et al. 2004).>° As a result, the water content,
measured by Karl Fischer titration highlighted a concentration of 55.3 and 11234.4
ppm of water in [C;C4Pyrr][NTf,] before and after extraction respectively. Howlett
and co-workers*®® demonstrated the catalytic properties of the OH/H,O couple on

the reduction of the NTf,” anion thus reducing the electrochemical window of the
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IL. Our results highlighting the lower anodic stability of [C;C4Pyrr][NTf;] are thus
in agreement with the literature.

However, as mentioned previously, a reduction peak, most probably due to the
deposition of cerium on the working electrode is reported between -1.5 and -2.2 V
vs. Fe/Fc'. The reduction potentials of Ce(IV) and Ce(IIT) in aqueous solutions are
depicted in the following equations. Standard potentials were measured with a

NHE reference electrode and are here converted with respect to the Fc/Fc ™ redox
211

couple.
Ce*t + e~ 5 Cedt E° =1.34 V vs. F¢/Fc* (41)
Ce3* +3e” 5 Ce° E’=-2.72 V vs. Fc/Fc" (42)

As reported in part I11.2.3, the yellow colour of cerium in the IL fade away after a
few hours which indicates that Ce(IV) is not stable in [C;C4Pyrr][NTf,] and is
likely to reduce to Ce(IlI). Then, the reduction of Ce(Ill) to metallic cerium seems
to occur at higher potential than what is expected in the literature regarding
aqueous solutions. This result is in line with the work from Hatchet et al. 2013**
reporting a reduction peak of Ce(Ill) to Ce” at -1.7 V vs. Ag/AgCl using
[N4111][NTf,]. The latter paper highlighted that the ionic liquid media contributed
to a favorable electrowinning of cerium.

To bring the proof that cerium can be reduced in an IL and to close the process of
Ce recycling from NiMH spent batteries, chronoamperometric experiments were

carried out at -2.00 V vs. Fc/Fc' during 2 hours on the gold rotating electrode.

Current density is plotted as a function of time in Figure I11.13.
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Figure III.13. Chronoamperometry experiments for [C;C4Pyrr][NTf;] loaded in
Ce(IV) after extraction in a nitric acid media. A gold rotating electrode and a
potential of -2.00 V vs. Fc/Fc" during 2 hours is used.

When a potential of -2.00 V vs. Fc/Fc'is applied between the WE and the RE, the
current density reaches instantly a value of -0.33 mA.cm? similar to that observed
during cyclic voltammetry at the same potential. A smooth decrease of j is
observed during one hour before reaching a plateau at -0.94 mA.cm?. This trend is
expected to correspond to the growth of metallic particles on the electrode
increasing the conductive surface area and thus the current density measured.'">*"
This assumption was checked thanks to SEM analysis performed on the gold

working electrode. Images are provided in Figure III.14 and EDS semi-

quantitative analysis is reported in Table II1.6.
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Figure III.14. SEM images of the gold electrode after chronoamperometric
experiment at -2.00 V vs. Fc/Fc' during 2 hours in [CC4Pyrr][NTf,] loaded in
Ce(IV) after extraction in a nitric acid media. A and B: Secondary electron (SE)
images at a magnification of 25 and 2000 respectively. C and D: Back scattered
electron (BSE) images at a magnification of 1000 and 8000 respectively.

Composition (atom. %)

Elements Cerium deposit
Ce 56.25+ 2.3
S 12.50 £
F 31.25 +

Table II1.6. Elemental analysis of the cerium deposit by SEM-EDS

Focusing on image SEM-SE A, taken at a low magnification (x 25), the
topography of the whole electrode can be observed. It is mostly covered with a thin
black layer. In a few spots, the deposit does not totally adhere to the gold surface
(white spots in the image). As a result, some parts of the deposit seem to be turned
over (in grey). This is most likely due to the rotation of the electrode and/or the
washing process. SEM-SE B image, at a magnification of 1000, provides

supplementary information. The deposit is not totally flat as some small aggregates
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are spread all over the layer. SEM-BSE images (C and D) provide information on
the nature and the homogeneity of the deposit. The two latter images highlight that
the aggregates are composed of metallic particles in white. The different
grayscales show that different compounds are present in the deposit. SEM-EDS
semi-quantitative analysis cannot differentiate the particles from the deposit which
is why a global analysis of the electrode was performed and is reported in Table
II1.6. It reveals that the layer deposited on the gold electrode is composed of 56
atom. % of cerium. No trace of La, Nd and Pr can be spotted. Pure cerium is most
probably present in the clear particles observed in images C and D because of the
high molar mass of this REE. However, the deposit is also composed of fluorine
and sulfur. The presence of the two latter elements is due to (i) an incomplete

washing of the ionic liquid trapped in the deposit'"’

and (ii) the reduction and
degradation of the bis(trifluoromethanesulfonyl)imide anion catalysed by the OH"
/H,O sys‘[(am.208’264’266 The formation of CF3, SO,CF; species are susceptible to
form insoluble salts by complexing with cerium and could explain the presence of
sulphur and fluorine.

Up to our knowledge, deposits of REE in ionic liquids showing no evidence of the
degradation of the anion have never been reported. Despite the fundamental
interest of performing reduction of lanthanides by electrodeposition in ionic
liquids, the interest of such technique in a real industrial recycling process suffers

from some strong issues related to the purity of the metal and to the loss of ionic

liquid due to the destruction of the anion.

d. Conclusion
An alternative technique for the recovery of cerium after separation of Ce(IV)
from La(IIT), Nd(III) and Pr(III) is proposed. We report the ability of cerium to be
reduced in [CC4Pyrr][NTHt;] after being extracted in the same ionic liquid from an
acidic solution containing nitric acid. This allows us to obtain a complete layer of
cerium in our electrode. The IL could thus be regenerated and reused for further

extraction cycles. This process can be summed up in Figure II1.15.
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Figure III.15. Process for the consecutive extraction and electrodeposition of
cerium in [C|C4Pyrr][NTL,].

However, the metal is accompanied by of large amounts of impurities such as
sulfur, fluoride, carbon and oxygen coming from the IL. Because the IL is partly
destroyed during the electrowinning process, some fresh [CC4Pyrr][NTf,] will
need to be added to perform supplementary extraction steps. Furthermore, organic
impurities in the metal dramatically impact the value of the recovered rare earth

element and hinders any industrial application of this recovery process.
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II1.4 Towards the separation of

neodymium from lanthanum

a. Introduction
Lanthanum and praseodymium are always found together in ores such as
bastnaesite, loparite and monazite.”>® However they can be used for drastically
different applications. While 44 and 26 wt. % of extracted lanthanum are used for
catalytic conversion and NiMH negative electrodes respectively, neodymium is
mainly used (89 wt. %) for permanent magnets. In the latter NdFB alloy, the purity
of Nd is crucial to reach high magnetic performance.?®’ Separation of lanthanum
from neodymium was studied for decades in the literature. Most successful
processes are based on the dissolution of an extractant such as di-(2-ethylhexyl)
phosphoric acid (DEHPA),® Figure II1.16-A, tributyl phosphate (TBP),*® Figure

II1.16-B, or a commercial mixture of phosphinic and phosphonic acids named

Cyanex 572%%% and produced by Cytec-Solvay, Figure I11.16-C.
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Figure III.16. Chemical structures of efficient REE extractants: A: di-(2-
ethylhexyl) phosphoric acid (DEHPA). B: tributyl phosphate (TBP). C: Cyanex
572 D: 1-octyl-1methylpyrrolidinium octylphophite ([C;CsPYR][CsPOsH]).
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These compounds need to be dissolved in a solvent, typically, aliphatic solvents

2,74
such as kerosene’® and heptane.’>747

are used. At the end of the extraction step,
the solvent as well as the extractant are removed towards a retention pond.
Because of poor waste management policies, this toxic, volatile and flammable
mixture can be discharged in the environment as it is the case with Chinese
groundwaters.” A paradox arises where clean technologies such as wind turbines
are responsible of dramatic environmental impacts. To tackle this issue,
researchers replaced aliphatic solvents by more sustainable media such as ionic
liquids. While the neat ILs were unable to extract REE, they showed efficient
extraction of REE after dissolving of Cyanex, TBP or DEHPA in an IL.?"**"! To
reach higher grade sustainable processes, designing pure ionic liquids as solvent
and extractant for the separation of rare earth elements without the use of any
solute appears to be challenging. Observing the structure of phosphate-based
molecular extractant, Zarrougui et al.''® designed a new family of ILs with an
octylphosphite-based anion such as 1-octyl-1methylpyrrolidinium octylphosphite
([C1CsPYR][CsPO3H]) Figure I11.16-D. Working solely with neodymium(III), the
rare earth metal was extracted from an aqueous phase containing nitric acid. Then,
two strategies were successfully carried out for the recovery of both Nd and the IL,
(1) precipitation using oxalate and (ii) direct electrodeposition in the IL. The
cyclability of the IL was investigated bringing a further gain in the development of
greener processes. However, the selectivity of such ionic liquid towards the
separation of REE was not investigated. This part will thus be devoted to the
investigation of the potential of this new family of IL towards the separation of the
two new major lanthanides in solution at the end of the process developed in this

chapter, namely, lanthanum and neodymium.

b. Synthesis of [C;CsPYR][CgPO3H]

Starting from 0.2 mol diethylphosphite, dioctylphosphite was obtained by
transesterfication using 0.4 mol octanol. The reagents were placed in a round
bottom flask heated at 140 °C under reduced pressure and connected to a
distillation setup. The mixture was stirred during 6 hours. Ethanol was fully
evaporated in the distillate. [1:1] molar ratio of 1-methyl pyridine was added to the

round bottom flask after connecting it to a reflux setup. The temperature was set to
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160 °C under nitrogen flow and magnetic stirring during 12 hours. The overall

reaction can be summarized according to Figure I11.17.

Synthesis of dioctylphosphite

HaC o o CH H,C OH
NG e N + N P P

diethylphosphite |cl octanol

!

Hac\/'\/'\,/\,/0“\p}:/o\/'\_/"\/'\/cH3 + N

dioctylphosphite ‘c! ethanol

OH

Synthesis of an ionic liquid with an octylphosphite-based anion

dioctylphosphite o} 1-methyl pyridine
o)y o CH
Crl?\/\/\//\/c Ha \ﬁﬁ/ NN N
CH, 0

1-octyl-1methylpyrrolidinium octylphophite

Figure II1.17. Synthesis flow sheet of [C;CsPYR][CsPO3H]

The 1onic liquid was then washed three times with water and dried at 80 °C under
reduced pressure. Purity and water content in the IL was checked by 'H NMR
(ANNEX 2-A) and Karl Fischer analysis respectively. A small peak (4.1 ppm)
attributed to dioctylphosphite was seen in the NMR spectra after 12 hours reaction
indicating that the second step is not complete and needs further optimization. Less

than 150 ppm H,O was found after all drying steps in [C;CsPYR][CgPO3H].

c¢. Extraction procedure

Aqueous solutions containing 0.02 mol.L™" La(IIT), Ce(IIl), Nd(III) and Pr(II)

were separately prepared with REE,(SOy); salts. Using 0.1 mol.L™' sulfuric acid,
the pH of each solutions was adjusted to 1 and 2. 1 mL of aqueous phase

containing a rare earth element was mixed with 1 mL of ionic liquid. After stirring
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the tubes for 20 min on a shaker, centrifugation was carried out for 10 min at 6000
rpm.
All aqueous phases were analysed by ICP-OES before and after extraction

experiments.

d. Results and discussion

Experiments carried out at pH 1 led to a little extraction of lanthanides(IIl) as the
distribution coefficient as found to be lower than 1.2 for all REE. D seems to
decrease with the atomic radius for lanthanum(IIl), cerium(Ill) and
praseodymium(IIl). The similar size of praseodymium and neodymium atomic
radius, 99.0 and 98.3 pm respectively (see Chapter 1.2.3 Rare earth elements as
highly critical raw materials) induces similar distribution coefficients. A
comparable trend is observed at pH 1 where Dy, < Dce < Dp; = Dng. This
phenomenon has also been reported with organic extractants dissolved in
VOCs?*27%23 and in ILs*’! and is in accordance with our results. Nevertheless, a
quantitative extraction of all REE(III) is reported when the pH is increased to a
value of 2. Distribution coefficients range between 291 for La to 692 for Pr.
Extraction and separation data for [C;CgPYR][CsPOs;H] are collected in Figure
I11.18 and Table IIL.7. Comparatively, distribution ratios and separation factors of
Ln(IIT) at pH 1 and 2 using Cyanex 572" diluted in an aliphatic organic solvent are

reported according from the claims of Cytec-Solvay industries.**"?

D B
La Ce Nd Pr Nd/La
pH1 0.89+0.1 1.11+0.1 1.16+0.1 1.20+£0.1 1.30

[C:CsPYR][CsPO3H]
pH2 291.05+29 582.40+58 640.19+64 629.00£63 2.20
CYANEX 572® pH1 0.01 0.05 0.10 0.08 9.79
pH 2 0.67 3.00 3.17 3.26 4.75

Table IIL.7. Data for distribution coefficients and separation factors of Ln(III) and
Nd/La respectively. Concentrations of REE(III) are of 0.02 and 0.13 mol.L™" for
pure [C;CsPYR][CgPO3H] and Cyanex 572% 1.0 mol.L"! diluted in an aliphatic solvent
respectively. data for Cyanex 572% were collected from Cytec-Solvay.®”*"?
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Figure II1.18. Distribution coefficients of lanthanides ([Ln] = 2.0x10 mol.L™")
after single liquid-liquid extractions by [C;CsPYR][CsPOsH] in sulfuric acid and
water at pH 1 and 2.

The increase of the extraction yield with the pH is linked to the extraction

mechanism found in VOCs and in pure IL systems'*° depicted in the following

equations:
REE3* + 3(HA) 2 REE(A); + 3H™ (43)
REE®* + 3[C,CgPYR][CgPO3H] 2 [C;CsPYR]5[(C4P03);REE] + 3H* (44)

A lower pH will induce the protonation of the extractant or the ionic liquid which
hinders the complexation of the phosphorous compound and the lanthanide.

Interestingly, for the same pH, extraction yields using pure [C;CsPYR][CsPOsH]
are always higher than for Cyanex 572 1.0 mol.L"' diluted in an aliphatic solvent
reaching values of 47 and 1 % respectively at pH 1 for lanthanum(III). Both values
increase to 99 and 40 % respectively at pH 2. Because leaching steps for metal

mining and/or recycling are undergone at low pH, basically under values of 2,
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performing quantitative extractions at highly acidic pH is a strong asset in liquid-
liquid extraction process. However, looking at the separation factors exhibited in
Table IIL7, BNV at pH 1 is of 1.3 using [C;CsPYR][CsPOsH]. At pH 2 the
separation factor is twice as high using commercial Cyanex 572 as that obtained
using the pure IL. Focusing on greener processes using ionic liquids, the separation
of lanthanum from neodymium can’t be undergone quantitatively and as efficiently
as with commercial organic extractants. A significant difference between the

distribution coefficients of neodymium and lanthanum is reported.

e. Conclusion

In this part, a strategy for separating lanthanum from neodymium is investigated.
Based on the chemical structure of commercial extractant used to achieve this task,
a hydrophobic ionic liquid with a phosphite-based anion, namely 1-octyl-
Imethylpyrrolidinium octylphophite, [C;CsPYR][CsPO3;H] was synthetized. This
IL both acts like an extractant and a solvent which avoids the use of volatile
organic compounds.

[CiCsPYR][CsPO3H] exhibits increasing distribution ratios with the decreasing
ionic radius of lanthanides. Separation ratios are of 1.3 and 2.2 at pH 1 and 2
respectively. These results are, in the latter case, twice as low as with Cyanex
572°%. However, the synthetized [C;CgPYR][CsPO3s;H] appears to be a strong
extractant and solvent of lanthanides(IIl) and presents much higher extraction
yields than Cyanex 572% at acidic pH. Rare earth elements are quantitatively
loaded in the ionic liquid if the pH is of 2 leading to distribution ratios superior to
200 for all lanthanides(III) studied.

Phosphite-based anion ionic liquids thus seem to be a promising new family of ILs
for the extraction and/or separation of REE. A large range of optimization could
thus be performed to investigate various structures of ILs but also various
concentrations, pH, temperatures to reach a more efficient separation of lanthanum

from neodymium.



172 | Chapter III | Separation of Cerium, Lanthanum, Neodymium and Praseodymium

II1.5 Conclusion

Starting from the REE powder obtained from the leaching of end-of-life devices as
detailed in chapter II, the aim of this chapter was to isolate the two major
elements, namely La and Ce. To this end, oxidation of Ce(Ill), liquid-liquid
extraction of Ce(IV), precipitation and electrodeposition of cerium were

investigated. They may be summarized as follows:

Separation of cerium from lanthanide salts

(1) Lanthanide(III) sulphate salts were mixed with 2 mol.L™' NaOH in water
during 3 hours to oxidize Ce(IIl) to Ce(IV) hydroxide while lanthanum,
neodymium and praseodymium remained in their third oxidation state.
We report an oxidation yield of 87 mol. %.

(i1) Using 4 mol.L"' HNO; aqueous solutions containing 0.02 mol.L™!
Ce(IV), La(I1ll), Nd(III), Pr(Ill) and Ce(IV), liquid-liquid extraction by
[C1C4Pyrr][NTf;] was reported and a quantitative separation of Ce(IV)
from the other REE was selectively achieved. Distribution ratio (D) of
109 for Ce(IV) was obtained. All REE in their third oxidation states
presented D values below 0.01.

(iii)  The ionic liquid was successfully regenerated by using 1 mol.L"' HNO;
during a stripping step. After 10 consecutive extraction/regeneration
steps using the same IL, the overall yield is shown to be of 88.7 %.

Recovery of cerium from spent NiMH batteries

(1) According to the previous step of the process, over 86 mol. % of cerium
was recovered from real spent NiMH batteries.

(i)  Cerium can be quantitatively precipitated by increasing the pH with
NaOH, leading to the formation of pure cerium hydroxide particles.

(111))  An alternative technique for the recovery of cerium after extraction was
investigated. Ce(IV) was directly reduced from the ionic liquid on a
gold electrode at a potential of -2 V vs. Fc/Fc". The metallic deposit

fully covers the electrode after 2 hours of electrowinning. It suffers,
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however, from some organic impurities due to the degradation of the IL
on the electrode surface. The precipitation technique will thus be

preferred.

In a nutshell, starting from a NaREE(SO4), powder, the process depicted in
Chapter III allows us to isolate cerium and to recover it as a pure Ce(OH); salt.
The remaining solution is thus mainly composed of lanthanum, 19.44 mg and
neodymium, 6.09 mg with small amounts of praseodymium, 2.11 mg as well as the
remaining cerium 1.76 mg, per gram of NiMH black mass. This process is

summarized in Figure I11.19.
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Figure III.19. Flowsheet corresponding to the separation of cerium from
lanthanum, neodymium and praseodymium
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CHAPTER 1V

Separation of Cobalt, Nickel,

Manganese and Iron
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V.1 Introduction

The aim of this Chapter is to investigate innovative strategies to isolate and
recover all valuable transition metals (TM) from spent NiMH batteries. Among
them, cobalt presents the higher criticality level according to a very recent report
from the European Commission.>® In 4 years, its price has more than tripled (85.4
USD.kg™ in 2018)*' due to (i) the hegemony of the production in DR Congo,”" (ii)
its low concentration in ores and (iii) the increasing need in cobalt for
electrochemical storage devices. As a result, a particular attention will be devoted
to the recovery of pure, valuable cobalt. Nickel production does not suffer from
similar tensions on the market, however its price (13.7 USD.kg'1 in 2018)"
combined to the important amount of metal found in NiMH batteries, i.e. around
40 wt. % of the black mass strongly increases the interest of recycling Ni.
Furthermore, the presence of Ni and Co mixed in ores as well as the similar
chemistry of those two elements make their separation difficult and challenging for
scientists. This Chapter will firstly give informations on the complexation of
cobalt by dicyanamide and highlight the huge gap between the behaviour of a
metal and a ligand in water and in an ionic liquid (part IV.2). Based on those
fundamental results, extraction of cobalt will be undertaken by liquid-liquid
extractions. In a second part (part IV.3), after highlighting the limitations of
classical Aqueous Biphasic Systems (ABS) for metal extractions, the first Acidic
Aqueous Biphasic System (AcABS) will be presented from the fundamentals to its
ability to extract, isolate and recover a large range of metals. Finally, the last part
of this chapter (part IV.4) will be devoted to the application of the previous
results to the construction of an efficient process to recycle transition metals from

NiMH batteries.
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IV.2 Dicyanamide ions as complexing
agent of cobalt: from weak ligands
in water to strong one in 10nic

liquids

This part is based on the following peer reviewed article:
e Gras.M, Papaiconomou.N, Chainet.E, Billard.I, Dicyanamide ions as
complexing agent of cobalt: from weak ligands in water to strong one in

ionic liquids, Solvent extraction and ion exchange 36 (2018).

IV.2.1 Introduction

Cobalt is a light metal located on column 9 of the first period of the transition

elements in Mendeleiev’s table. Because of its magnetic and physical properties,

274,275

cobalt is used in numerous applications ranging from anti-corrosion alloys to

276-279 243,280-282

catalysis, permanent magnets and electrode materials for

. 44,217,283,284
rechargeable batteries.**?'728328

Because the production of energy storage
devices is strongly increasing with the development of renewable energy sources,
portable communication systems and battery-driven electric vehicles, cobalt has
become a key metal in nowadays high-end devices.

Ionic liquid-based liquid-liquid extraction is an increasingly popular and efficient
process for ion recovery. By definition, liquid-liquid extraction must be performed
between two immiscible phases, usually an aqueous one containing the metal ion
and an organic phase where the complexation and extraction of the ion occur.

Fluorinated ILs based on NTf," (bis(trifluoromethanesulfonyl)imide) are widely

used because they yield extracting phases with an increased hydrophobicity and a
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%9241 Tonic liquids containing a cyclic quaternary ammonium and two

low viscosity.
alkyl chains, such as 1-butyl-1-methylpyrrolidinium hereafter noted as
[C1C4Pyrr]", also show a low viscosity which makes them easy to handle.??®
1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide ionic liquid is
thus a prominent candidate for liquid-liquid extraction because of its low viscosity,
hydrophobicity and ability to form ion pairs, yielding an efficient extraction of
metals from an aqueous phase. Recent reports have showed that several metals,
such as Co, Cu or Pd, could be extracted towards ionic liquids under the form of
anionic complexes, namely Cl” or Br."®**8¥2°8 Qeveral studies have reported the
speciation of cobalt in aqueous phases containing chloride,’®***® bromide®®*® or
dicyanamide®®” anions. With chloride anions for instance, cobalt(Il) is able to form
a tetrachlorocobaltate(Il) complex when the concentration of Cl™ in the aqueous
phase is high, typically above 8 mol.L™". When dicyanamide ions are present in
water, V.H. Koéhhler et al. showed cobalt was only able to coordinate with one
such anion.”®’

In ionic liquids, reports dealing with the speciation of such light metals are
extremely scarce. Some reports have investigated the speciation of

288 2 2 o . . . . . .
88,289 or cobalt complexes®® in ionic liquids and its interest in the

chlorometallates
extraction of these complexes towards an ionic liquid was discussed. In addition,
some evidence for the complexation of Co(Il) with  three
bis(trifluoromethanesulfonyl)imide anions in neat 1-butyl-3-methylimizadolium
bis(trifluoromethanesulfonyl)imide was also recently given.?*°

[DCA] is an anion exhibiting a significant delocalisation of charge with a light
molecular weight. Many ILs based on this anion were found to be liquid at room
temperature, to exhibit very low viscosities as well as toxicities significantly lower
than those of NTf,-based ILs.''>**® Most DCA-based ILs are however soluble in
water and are thus not adapted to the extraction of metal ions from an aqueous
phase. One solution would then be to dissolve such an ionic liquid in a
hydrophobic one based on NTf, anion for instance. Another solution, reported in a
few articles, is to combine [DCA]" with a large cation, yielding a hydrophobic
ionic liquid that was then successfully applied to the liquid-liquid extraction of

186,291

various metal ions. In such studies, the ionic liquid phases were found to

exhibit colours not corresponding to the classical chlorometallate or NTf,-
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metallate complexes. This indicated that [DCA] was complexing with the metal
ions and that it was a good ligand for extracting metals towards an ionic liquid.

So far, however, neither specific details on the speciation of Co(Il) in an ionic
liquid containing a dicyanamide anion, nor on the competition between two anions,
such as [NTf;]” and [DCA]" from an ionic liquid mixture for the Co(Il)
coordination sphere were reported. In order to gain insights into the extraction
mechanisms of such metal ions extracted towards an ionic liquid phase containing
[DCA] anions, knowledge on the exact speciation of a metal within both the
aqueous and ionic liquid phases is crucial. [Pess14]” cation was initially chosen
because it forms hydrophobic ionic liquids when combined with [DCA]" anions.
However, the presence of impurities in phosphonium ILs, hindered using them for
spectrometric analysis. [C;C4Pyrr][NTf,] was then chosen because it presents a
high purity. Furthermore, this cation was used by Bortolini et al. to study the
speciation of Co(Il) in a [NTf;] ionic liquid. The focus of this work is thus to study
the speciation of Co(Il) in presence of dicyanamide, in an aqueous phase or in
[C1C4Pyrr][NTH;]. In order to reduce the number of ions in the IL phase and to
ensure a good solubility of the dicyanamide salt in [C;C4Pyrr][NTf],
[C1C4Pyrr][DCA] was used as a source of DCA™ anion.

In this work, the molar extinction coefficient of Co(II) dissolved in either solvents,
as a function of increasing amounts of [DCA’] will be first presented. The
concentration ratio R = [DCA"]/[Co(Il)] ranges from respectively 0 to 200 and 0 to
5040 in the aqueous and 1onic liquid system. Then, a general model for the Co(II)
speciation will be developed in order to describe the experimental spectra
recorded. The Co(II) speciation in both phases, as calculated within the model will
be detailed and discussed.

Finally, in order to illustrate the interest of our results to the field of liquid-liquid
extraction, cobalt(I) will be extracted from an aqueous phase using various
[DCA]/[Co] ratios towards a mixture of ionic liquids containing various

[DCA]/[NTf;] ratios.
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IV.2.2 Construction and fitting of a complexation model

a. Data Fitting

A complexation chemical model between Co(Il) and [DCA] ions was proposed
and used to derive a theoretical mathematical expression of the absorbance at a
fixed wavelength (see discussion part) as a function of R. This theoretical
expression was fitted to the experimental data by use of a home-written Fortran
routine, implemented in the MINUIT facilities (CERN Librairies) based on a least

... . ) . .
square minimization procedure. The %~ convergence criterion was defined as:

1

2 __ [X(Acar - Aexp)z]E
N (Ndp - Npar) (45)

where Ac, and A, are the theoretical and experimental absorbance values,
respectively. Ngp and Ny, represent the number of data points and of parameters

respectively.

b. Modelling
A general chemical and mathematical model expressing the successive
complexations of cobalt by a ligand in a solvent is presented. Because previous
papers demonstrated the ability of cobalt to form up to four nitrogen-metal bounds

292293 this model involves one Co(Il) “free” ion, the ligand,

in various complexes,
denoted L in the following, and successive [Co(II)Ln](z'“) complexes. In order to
get chemical equations and mathematical expressions as general as possible and

applicable to both water and ionic liquid systems, complexes [Co(I)L,] ™%

were
given the same general notation, that is X, with n indicating the number of [DCA]
complexed around the central cation.

Because the presence of water or of NTf, anions around Co(Il) is not explicitly
described using this notation, it clearly does not reflect the exact composition of
the first (and second) coordination sphere of Co(Il) in water or in IL. It is however
correct from a mathematical point of view, since the change of complexation
appears to be directly correlated to the increase of [DCA] in a solution of colbalt.

In addition, the presence of water or NTf,  anion initially complexing Co(II) does

not change the validity of the treatment presented here. As » increases in water,
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that is, as [DCA] anions enter the coordination sphere of Co(Il), one can
reasonably expect some water to be removed from the first coordination sphere. In
an ionic liquid, because it is not clear whether NTf,” will form monodentate or
bidentate bonds with Co(II), one can not ascertain how many NTf, anions are
removed from the coordination sphere of Co(Il) as one [DCA] enters it. The
notation chosen here is therefore, in our opinion, the one that is the most
acceptable considering the lack of specific knowledge on the speciation of Co(Il)
in a neat ionic liquid.

A general chemical equation describing the formation of successive complexes of
Co(II) with a ligand L can thus be written as follows:

Xp+L S Xoi (46)

with n = 0 to 3 in this case. The stepwise complexation constant, K,+;, can then be

written as follows:

_ [Xn44l
Kn+1 = T “47)

where [X,] and [L] denote the concentrations of the metal species and the ligand
respectively.

In absence of experimental values for the activity coefficients for the aqueous
solutions of Co(Il) and [DCA] ion, and because the concentration of ions are
relatively low, we considered the solutions to behave ideally, i.e. activity
coefficient is equal to 1. Furthermore, because in the ionic liquid phase, our
experimental protocol leads to a simple replacement of NTf,” by [DCA] ions, both
having the same charge, the ionic strength can be considered to remain equal, and
the activity coefficients to be constant. K, in water and in the ionic liquid are thus
ideal and conditional constants, respectively.

At any wavelength, the absorbance A can be described using the Beer-Lambert’s
law:

A= Zn En[Xn]l + &L [L]l (48)

where g, and g stand for the molar extinction coefficients for species X, and
ligand L, respectively, and [X,] and [L] correspond to the concentration of these

species, respectively. / is the cell width expressed in cm. As explained above, the
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experimental values for the absorbance A were recorded at 509 or 613 nm in water
or IL accordingly.

The set of equations represented by the general equations (47) and (48) are solved
as a function of the complexation constant and the molar extinction coefficients
using the mass conservation law for Co(Il) and the ligand. For clarity reasons,
details on the analytical expressions employed for solving this mathematical
system are given in ANNEX 2-B supplementary materials file.

In each solvent, the model parameters (K,, &y, and &) are adjusted in order to

describe the experimental absorbance values A by minimizing the % criterion.

IV.2.3 Co-DCA complexes in water

a. Experimental part

In order to study cobalt dicyanamide complexes in water, two stock solutions were
used. On the one hand, a solution of cobalt 5x107 mol.L™ in water was prepared.
On the other hand, an aqueous solution of cobalt 5x10” mol.L™" and dicyanamide 1
mol.L”" was obtained by dissolving cobalt sulphate, sodium dicyanamide and
water. By mixing different amounts of the two stock solutions in a quartz cell,
solutions containing a constant concentration of 5x10” mol.L"" Co(Il) and
concentrations of [DCA] varying from 0 to 1 mol.L"' can be obtained. In the
following, we define R as the ratio of the initial concentration of [DCA] over the
initial cobalt concentration: R = [DCA ]ini/[ Co(II)]init. For the aqueous samples of
this work, R was thus in the range 0 to 200. UV-vis spectra were recorded using a
Cary 50 (Varian) spectrometer with a 1 cm wide quartz cell. Acquisition of all data
was performed at 20 °C in the wavelength range of 200 to 800 nm. Pure water was

used as a reference sample.

b. Results
In aqueous solutions, cobalt sulphate exhibits a light pink colour, due to the
formation of a hexaaquocobalt(I) complex. Because of the weak complexation
constant of the sulphate and hydrogenosulphate anion with cobalt(Il),**® we can
infer that the sulphate anion will not disrupt the complexation of cobalt in our

conditions. The molar extinction coefficient versus the wavelength of an aqueous
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solution of 5x107° mol.L"' Co(II) sulphate is shown in Figure IV.1 and was
obtained by dividing the absorbance of the UV-vis spectrum by the initial

concentration of cobalt.

7

Molar extinction coefficient (L.mol-t.cml)
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Wavelength (nm)

Figure IV.1. Molar extinction coefficient of CoSO4 in water as function of the

wavelength.

A maximum absorption peak centred around 509 nm and exhibiting a molar
extinction coefficient of 4.80 L.mol'.cm™ is observed. A shoulder can be found at
480 nm and no significant absorbance is detected between 600 and 700 nm. This
spectrum is in agreement with several previous experimental reports.”*®*** The
Tanabe-Sugano diagram of cobalt(Il) hexahydrate, which predicts three spin-
allowed transitions,”” is in line with our data for the maximum absorption and the
shoulder, while the third predicted peak belongs to the near IR range, as indicated
below:

*T24(F) < *T(F) 1250 nm (near IR)

4A2g(F) — 4T1g(F) 510 nm (maximum absorption)

*T 1 4(P) « *T 4(F) 463 nm (shoulder)

Owing to a very low molar extinction coefficient value in the range 450 — 675 nm
(for example, € = 1.4x107 L.mol™.cm™ at 509 nm) addition of up to 1 mol.L™" of
[DCA] has no influence on the baseline in this wavelength range. By contrast,

below 450 nm, the [DCA] spectrum displays a clear increase in absorption.
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Absorbance of all UV-vis spectra thus strongly increases because of the impact of
the extinction coefficient of the ligand below 450 nm. A UV-vis spectrum of an
aqueous solution of 1 mol.L"' [DCAJ is shown in ANNEX 2-C (supplementary
materials) to highlight this phenomenon. However, absorbance of the dicyanamide
anion under 450 nm has a low impact on our modelling, because the latter was

performed at higher wavelengths.

The molar extinction coefficients versus the wavelength for all 18 aqueous
solutions containing varying concentrations of [DCA] are displayed in Figure
IV.2. A maximum absorption peak and a shoulder are still observed at 509 and 480
nm respectively whatever the R value. No major wavelength shift between the
different [DCA™]/[Co(II)] ratios is observed. Nevertheless, absorbance increases
with the increasing R ratio. Furthermore, two shoulders at 595 and 645 nm appear
when dicyanamide anion is added to the aqueous solution (see Figure IV.1 for
comparison). These two experimental facts are a clear evidence of a complexation

process between Co(Il) and [DCA] in water.
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Figure IV.2. Molar extinction coefficient for various [DCA]/[Co(II)] ratios (0 to
200) in water versus the wavelength.
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c. Discussion

Experimental absorbance at 509 nm function of the R ratio are plotted in Figure
IV.3. Based on those previous data, we first assumed the simplest complexation
scheme, by limiting the chemical model developed in section 4.2.2 to the
formation of one complex only named X;. Under this hypothesis, the complexation
constants K,, K3 and K, and the molar absorption coefficients &, & and &, are all
set to 0. The number of parameters is thus reduced to 4, . " & and K;" with
additional superscript w standing for water.

The adjusted values for the four parameters used within this model are listed in
Table IV.1. Calculated values for the absorbance at 509 nm are plotted in
Figure IV.3 with respect to the ratio R. The fitted molar extinction coefficient of

1

the metal ¥ = 4.56 L.mol.cm™ is close to the experimental value of 4.80 L.mol"

1 1 4

cm’ at 510 nm reported in the literature®® and also very close to our
experimental value of 4.80 L.mol”.cm™ at 509 nm. The low x? value (7.8x10™)
reflects the good accuracy of the model, as can be seen in Figure IV.3. Such a
value is much lower than the experimental uncertainty so there is no need to
consider additional complexes of higher stoichiometries and this simple model
accurately reflects the experimental data. 4 value of 20.5 is found for the

formation constant K;".
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Figure IV.3. Experimental and calculated absorbance at 509 nm versus the R ratio

(0 to 200) in water. Diamond: experimental points. Solid line: calculated data
according to our model assuming one complex.
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This relatively low complex formation value confirms that a significant excess of
dicyanamide compared to the concentration of cobalt is needed in order to form X;,
the single Co-DCA complex in water. The concentrations of the two different
cobalt species, X; and X;, as calculated within the model, are presented in
Figure IV.4 with respect to the ratio R. The free metallic ion (X)) is gradually
consumed to form X;. At R = 10, half of the cobalt reacts with the dicyanamide
anion, compared to 96 % of the complex formed when [DCA"]/[Co(1I)] = 200. The
complexation constant is a factor of ca. 15 higher than that obtained for chloride,

[Co(H,0)sCl1]" which exhibits a formation constant of 1.34.%%
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Figure IV.4. Chemical speciation for [Co(H20)e]*" (X)) and [Co(H,0)s(DCA)]"
(X)) for each R ratio in an aqueous solution. Triangle: (Xy) concentration. Square:
(X) concentration.
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Co-DCA complexation

Parameters Model assuming 1 complex in water
go (L.mol”.cm™) 4561
g, (L.mol".cm™) 1.86x10" + 1x10'
g, (L.mol”.cm™) 0
g; (L.mol".cm™) 0
g4 (L.mol'.cm™) 0
g (L.mol-1.cm™) 5.9x107% £ 1x107
K, 2.05%10" 5
K, 0
K; 0
K, 0
* 7.8x10™

Table IV.1. Calculated parameters for cobalt complexation by dicyanamide in an
aqueous solution (Model assuming one complex).

It is important to notice that our chemical model in water describes the
complexation of dicyanamidocobalt(Il) complexes but is unable to bring any
information on the coordination sphere of all complexes. In water the coordination
of cobalt is well known, and because H,O is a neutral ligand, the charge of the Co-
DCA complex will only be influenced by the complexation of [DCA] which is
well described by our chemical model.

According to previous literature reports, cobalt(Il) hexahydrate is assumed to form
a single complex of [Co(H,0)s(DCA)]" in water.”®” V.H. Kéhlner,”® reported a

simple chemical model based on the following equation:

KW
[Co(H,0)4]?* + DCA™ = [Co(H,0)s(DCA)]+ + H,0 (49)

The previous equation is in full agreement with our results and confirms the

validity of our modelling approach.
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IV.2.4 Co-DCA complexes in ionic liquids

a. Experimental part

Preparation of solutions containing cobalt and dicyanamide ions in ionic liquid

[C1C4Pyrr][NTt,] was also conducted starting from two stock solutions.

The first stock solution was prepared by dissolving Co(NTf;), and
[C1C4Pyrr][DCA] in [CC4Pyrr][NTf;] in order to obtain a cobalt concentration of
respectively

8.2x10* mol.L™". The second stock solution results from the dissolution of
Co(NTf,), (8.2><10'4 mol.L'l) in [C;C4Pyrr][NTf,]. A procedure similar to that
detailed above in water was used for the sample preparation in the ionic liquid.
Various amounts of the two stock solutions were added in a quartz cell. Unlike the
metal concentration which remains constant at 8.2x10™ mol.L"', the concentration
of [DCA] varied from 0 to 4.13 mol.L™' resulting in R ranging from 0 to 5040.
Note that this protocol was also attempted with a higher concentration of cobalt,
namely 5x107 mol.L™" but a blue precipitate appeared when the R ratio was
superior to 1. The formation of a solid powder has disrupted the UV-vis

measurements and forced us to decrease the metal concentration.

All experiments were carried out at 20 °C. A vigorous stirring of all ionic liquid
solutions was performed in the quartz cell for a period of 5 to 15 min. Several UV-
Vis spectra were recorded until no modification between spectra recorded at
successive time intervals was observed. In the following, only the last UV-vis
spectrum has been considered. UV-vis spectra were recorded using a Cary 50
(Varian) spectrometer with a 1 cm wide quartz cell. Acquisition of all data was
performed in the wavelength range of 200 to 800 nm. Neat [C;C4Pyrr][NTf;] was
used as a reference sample.

The water content of the two ionic liquids was determined by using a Titroline®
7500 KF Trace (SI Analytics Karl Fisher). Hydranal® water standard 1.0,
containing 1000 ppm of water was used for the device calibration, and results are
the average of three measurements. Once dried as described above,
[C1C4Pyrr][NTT;] and [C,C4Pyrr][DCA] were found to contain 35 = 2 and 82 + 5

ppm of water, respectively.
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b. Results

Co(ll) in presence of dicyanamide in [C;C,Pyrr] [NTf>]

Because [CC4Pyrr][NTf;] and [C,C4Pyrr][DCA] were of a high purity grade, the
latter was used in order to study the speciation of Co(Il) in ionic liquid mixtures.
Because neat [C{C4Pyrr][NTTf,] was found to absorb significantly between 200 and
400 nm, molar extinction coefficients are only shown at wavelengths higher than
400 nm. As observed in an aqueous phase, the solution of [C;C4Pyrr][NTf;]
containing only Co(NTf;), salt exhibits a light pink colour. The corresponding
curve, presented in Figure IV.5 (R = 0), exhibits a maximum absorption
wavelength at 506 nm with a molar extinction coefficient of 1.22 L.mol'.cm™. A
shoulder can also be spotted at 460 nm. The dissolution of cobalt in another
[NT,] based ionic liquid namely 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide, [C;C4Im][NTf,] was already investigated and
led to a similar spectrum.**® After drying the IL, the remaining amount of water
was found to be three times lower than the amount of cobalt. In this study we thus
assume that water does not interfere in the complexation of cobalt by [NTf;]".
Because whether in an aqueous solution or in a NTf,-based ionic liquid, cobalt(II)

226,294

is solvated by six oxygen atoms leading to an octahedral complex, it presents

similar molar extinction coefficients in these solvents.

7
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Figure IV.5. Molar extinction coefficient of Co(NTf;) in [C|C4Pyrr][NTt;] versus

the wavelength.

The molar extinction coefficients versus the wavelength obtained for all 27

solutions of [C;C4Pyrr][NTf;] containing Co(Il) and various concentrations of
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[DCA] are plotted in Figure IV.6.

Starting from the solution without [DCA]’, adding a small amount of dicyanamide,
for instance R = 0.1, leads to a drastic change in the absorbance spectrum. The
characteristic peaks of cobalt at 506 and 460 nm in [C;C4Pyrr][NTf;] are no longer
observed. At this ratio, two major peaks can be seen at 589 and 602 nm with molar
extinction coefficients of respectively 38.70 and 40.33 L.mol'.cm”. Two
shoulders can also be observed at 569 and 624 nm. A hypsochromic shift of the
two major peaks is highlighted when the ratio [DCA"]/[Co(II)] is increasing to R =
25. Indeed, for this ratio, the two previous absorption peaks are shifted towards
594 (¢ =521.8 L.mol".cm™) and 613 nm (¢ = 527.2 L.mol.cm™). From R = 0 to R
= 25, the molar extinction coefficient of all spectrum was found to increase and the

solution changed from an initial light pink colour to a strong blue colour.

600

R=25
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400 4
300 +
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Figure IV.6. Molar extinction coefficient of the solution for various
[DCA"]/[Co(IT)] ratios (R = 0 to 5040) in [C,C4Pyrr][NTf;] versus the wavelength.

When R increases from 25 to 5040, ¢ drops drastically. The strong blue solution



190 | Chapter IV | Separation of Cobalt, Nickel, Manganese and Iron

has now a light purple colour as seen in Figure IV.6. When the ratio [DCA”
1/[Co(IT)] is of 5040, one major peak can be observed at 597 nm with a molar
extinction coefficient of 56.41 L.mol'.cm™ and two shoulders can be spotted at
569 nm and 655 nm. As observed in an aqueous solution, modifications of the UV -
vis spectra with the increasing concentration of [DCA] are solid evidence of the

complexation of Co(Il) by dicyanamide anions in an ionic liquid.

Comparison of the two solvents

In a nutshell, for R = 0, molar extinction coefficients of cobalt in water and in an
NTf,-based IL are rather similar, as seen in Figure IV.1 and Figure 1IV.5,
respectively. As soon as R > 0, the speciation of cobalt(Il) in an aqueous solution
differs significantly from that observed in an ionic liquid, as revealed by the UV

absorption spectra collected in Figure IV.2 and Figure IV.6.

The analysis of these UV-vis spectra can be refined by examining at a given
wavelength, the variation of the experimental absorbance as a function of the R
ratio. To that end, for each solvent, the wavelength exhibiting the highest variation
in absorbance was first chosen. This corresponds to 509 and 613 nm for aqueous
and ionic liquid phases, respectively. Then, the absorbances at these specific
wavelengths were plotted against ratio R. These curves are presented in Figure

IV.3 and Figure IV.7 in water and in [C;C4Pyrr][NTT;], respectively.
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Figure IV.7. Experimental and calculated absorbance at 614 nm versus the R ratio
(0 to 5040) in [C;C4Pyrr][NTf;]. Diamond: experimental points. Dashed line:
calculated value according to our model assuming three complexes. Solid line:
Calculated value according to our model assuming four complexes.

In the latter, the x-axis is represented in a logarithmic scale. In water, the increase
in absorbance with R confirms the occurrence of a complexation process. Because
no plateau is observed even at R = 200, we can infer that the complexation of
Co(Il) is not complete. However, one can assume the presence of at least one
complex of Co-DCA exhibiting a molar extinction coefficient significantly larger
than that of the “free” cobalt ion in water. Regarding the ionic liquid, the curve’s
trend displayed in Figure IV.7 is more complex and clearly shows features that
were previously difficult to highlight when looking at the entire UV -vis spectra.
First, absorbance increases from R = 0 to 0.8. Between R = 0.8 and R = 2, a narrow
plateau is observed. Absorbance then increases again until R = 25 before reaching
a maximum. Finally, above R = 75, absorbance decreases. This implies that several
complexes of Co-DCA exist in the IL solution depending on the R value: one
dominating the speciation from R = 0 to 0.8, a second one from R = 25 to 75 and a

third one above R = 75. However, the narrow plateau observed in the range R =
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0.8-2 is also indicative of (at least) one additional species, displaying a non-
negligible contribution to the absorbance in that range.

The existence of several complexes is visually confirmed by the different colours
observed in the solution with the increasing [DCA]/[Co(Il)] ratio. Note that the
last complex dominating the speciation of Co(Il) in the ionic liquid when R is

superior to 1000 exhibits a very low absorbance.

c. Discussion

Speciation of Co(Il) and dicyanamide in [C;CPyrr] [NTf]

Highlighted in section 4.2.3, the situation in the IL is very different from that in
water. In this case and considering the non-monotonous behaviour of the
absorbance with respect to the ratio R (Figure 1IV.6), several
dicyanamidocobalt(Il) complexes need to be taken into account. In order to
describe the absorbance curve reported here, our general model was used in two
different ways, assuming the presence of three or four complexes of cobalt(1l) with

dicyanamide.

In a first approach, the formation of three Co-DCA complexes was assumed. 8
independent parameters, denoted as K[IE, Il and &!t, with m varying from 1 to 3
and n from 0 to 3 were thus adjusted. The superscript IL stands for the ionic liquid,
as these parameters are used to describe the complexation of Co(Il) in the ionic
liquid. The molar extinction coefficient for the ligand in the ionic liquid, &/, was
neglected because [C;C4Pyrr][DCA] presents an absorbance between 500 and 800
nm, very close to that of [C;C4Pyrr][NTf;] (see ANNEX 2-D supplementary
information file). The increase in absorption observed below 500 nm, as seen in
Figure IV.6 had no influence on our model since the wavelength selected in the
ionic liquid was 613 nm. Furthermore, the drastic decrease in absorption observed
at high [DCA™]/[Co(II)] ratio implies that the last complex exhibits very low molar
extinction coefficients between 400 and 800 nm. Consequently, &if was
approximated to 0, reducing the number of unknown parameters to 6.

In a second approach to describe our experimental results, an additional complex,
namely Xy, corresponding to Co(II) complexed with four dicyanamide anions, was

taken into account. In this case, a total of eight parameters were then adjusted.
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Fitted values of all parameters for both versions of our model are listed in Table
IV.2, together with the corresponding %> values. Figure IV.7 plots the calculated

values for the absorbance at 613 nm against the ratio R in a logarithmic scale.

Regarding the 3 polydicyanamidocobalt(Il) complexes model, that is considering
only three cobalt(Il) complexes, we observe that, on the one hand, the fit respects
the trends of the experimental data from R = 75 to R = 5040. On the other hand,
calculated and measured absorbance values differ from R = 0 to R = 50. When the
[DCA"]/[Co(IT)] ratio is under 10, the calculated data is monotonously increasing
and is not recovering the plateau observed experimentally between R = 0.8 and R =
2. Furthermore, the calculated molar extinction coefficient of cobalt(Il) is of
IL
0

14.42 L.mol™.cm™ whereas the experimental e}* is one order of magnitude lower

(eft =

the experimental uncertainty, the value for the calculated molar absorption of free

1.22 L.mol'.cm™). Even if the x?> value appears to acceptable compared to

Co(II) is too high and the shape of the curve from R = 0 to 10 is not completely
satisfying. The assumption considering the presence of only three complexes

therefore appears questionable.
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Complexation of cobalt by dicyanamide

Parameters

Model assuming 3 complexes in

[C1CaPyrr][NTH;]

Model assuming 4 complexes in

[C1CyPyrr|[NTH]

g0 (L.mol".cm™)
€ (L.mol'l.cm'l)
g, (L.mol'.cm™)
€3 (L.mol'l.cm'l)
g4 (L.mol'.cm™)
€ (L.mol-l.cm'l)

K,

K,

K;

K,

2z

1.44x10" + 1.4x10'
2.46x10%+ 1.5x10"
6.85x10*+ 1.5x10'
0
0
0
9.15x10°+ 1.0x10"°
2.18x10°+ 5.0x10"
423 +1
0
4.8x107

1.40 £ 1
2.97x10%+ 1.5x10"
1.95x10%+ 1.5x10"
6.40x10%+ 1.0x10"
0
0
1.73x10°+ 1.0x10°
2.71x10*+ 2.0x10*
6.30x10° £ 5
3.65 +2x10"
3.7x107

Table IV.2. Calculated parameters for cobalt complexation by dicyanamide in an
aqueous solution (Model assuming one complex) and in [C;C4Pyrr][NTf;] (Model
assuming three and four complexes).

Using the second version of the model based on four dicyanamidocobalt(II)
complexes, (X; to X,) the ¥ now reaches a value of 3.7x107, slightly lower than
the value obtained when only three complexes are considered. Furthermore,
calculated and experimental absorbance values are very close between R = 0 and
10. Strikingly, the local maximum observed between R = 0.8 to 2 is now accurately
described. In addition, the calculated molar extinction coefficient of X, is now of
1.40 L.mol.cm™, a value very close to the experimental one (1.22 L.mol™".cm™)
measured in this study. Taking into account four complexes thus appears to yield a
significantly better description of the absorption data than that obtained when three

complexes are considered.

The speciation of cobalt in an ionic liquid based on [NTf,]  anion was recently
studied.””®  Authors revealed that Co(Il) is surrounded by three
bis(trifluoromethanesulfonyl)imide anions, yielding the formation of a monovalent
negative complex [Co(NTf;)s;]. The three NTf, anions have been found to be
bidentate, yielding a hexacoordinated Co(Il) ion. In our study, Co(Il) is thus



195 | Chapter IV | Separation of Cobalt, Nickel, Manganese and Iron

assumed to be under the form of [Co(NTf;)3;] in neat [C;C4Pyrr][NTf,]. According
to our model, upon addition of dicyanamide anions in [C;C4Pyrr][NTf;], up to four
[DCA] ions are expected to enter the solvation sphere of Co(Il). However, because

225 the exact number of such an anion

NTf," can be either bidentate or monodentate,
surrounding Co(II) as [DCA] increases is not known. Therefore, the only valid
general expression for describing the heteroleptic Co(Il) complex in
[C1C4Pyrr][NTHF,] is [Co(NTE)3..(DCA), 1Y with x ranging from 0 to 3 and y
from 0 to 4. Note that using this definition, the overall charge of the complex is

supposed to be negative.

The spectroscopic data are thus accurately described within a model using five
species, namely  [Co(NTf,);]" (X{), [Co(NTf)s.(DCAN™?  (xib,
[CONTH)3.(DCAR]™  (X3h),  [Co(NTH)ao(DCAS]™Y  (X§)  and
[CO(Nsz)(3_X)(DCA)4](x_s) (XIL). Each chemical entity has a specific molar
extinction coefficient, denoted respectively elf, eit, ell| &Il and &l*. The formation
of these four complexes is governed by four complexation constants (K{*, Kit, Kt

and K1).

The version of our chemical model assuming four Co-DCA complexes can thus be

written as follows:

KIL
[Co(NTf,)]" + DCA™ = [Co(NTf2) (3-x) (DCA)*~D + xNTf; (50)
K3

[CONTf2) (3-x) (DCA)]*? + DCA™ 2 [CO(NTf,) (3-2)(DCA),] %) + xNTf; (51)
K3t

[CONTf2) (3-x) (DCA),]* + DCA™ 2 [Co(NTfy)(3-x)(DCA)3]*PxXNTf; (52)
K4

[CONTf2) (3-x)(DCA)3]*™ + DCA™ 2 [Co(NTf)(3-x)(DCA) X + xNTf;  (53)

Values of 1.73x10°, 2.71x10%, 6.30x10* and 3.65 for the complexation formation
constants K{, KIL KiL and KJI are obtained respectively. Due to a strong

complexation constant, the first two complexes are likely to form at R < 3 unlike
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the fourth and last Co-DCA complex that will be observed only in the presence of

a large excess of dicyanamide anions.

Figure IV.8 then displays the speciation diagram calculated using the four
complexes discussed above. The variation of species concentration in the ionic
liquid (in mol. %) is plotted against the R ratio. The concentration of [Co(NTf;)s]
decreases rapidly, reaching 0.1 % at R = 2. The first complex [Co(NTf,)ga-
»(DCA)™? (XIL) reaches its maximum in the ionic liquid at R = 1 (80.0 %). It
then disappears when R = 2 (4.0 %) to the benefit of the second complex
[Co(NTF;)(3.0(DCA), ] (X5-) which reaches its maximum (68.7 %) at the same
ratio. Regarding the third complex [Co(Nsz)(g_x)(DCA)3](x'4) (X, a continuous
growth of the concentration can be observed from R = 1 to R = 25 with a molar
percentage of respectively 0.03 and 86.7 %. However Xi¢ fades away from a ratio
[DCA™]/[Co(II)] superior to 25. The last complex, namely [Co(Nsz)(g_x)(DCA)4](x'
) (XILy appears at R = 3 and slowly grows until reaching a value of 93.8 % at R =
5040. When the [DCA™])/[Co(II)] reaches 5040, there is 6.2 % of Xi* remaining in

the solution.
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Figure IV.8. Chemical speciation for [Co(NTf;);]" (Xp), [Co(NT£)(3.0(DCA)]*2
(X)), [CoNT£)3(DCA)]™  (X2), [Co(NT£)3.(DCA)]  (X;)  and
[Co(Nsz)(3_X)(DCA)4](x's) (Xy) for each R ratio in the ionic liquid. Dashed line: (X))
concentration. Diamond: (X;) concentration. Triangle: (X>) concentration. Square:
(X3) concentration. Full line: (X;) concentration.
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In order to fit with classical representations of speciation diagrams, pDCA
(= -log[DCA]) was calculated and represented in Figure IV.9.
100
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Figure IV.9. Chemical speciation for [Co(NTf:)3]" (Xp), [Co(Nsz)(g_x)(DCA)](x'z)
(X)), [CoNT£)3.(DCA)]"Y  (X2), [Co(NT£)3.(DCA)]  (X3)  and
[Co(NT£)3.0(DCA), ] (X,) function of pDCA in the ionic liquid. Dashed line:
(Xp) concentration. Diamond: (X;) concentration. Triangle: (X:) concentration.
Square: (X3) concentration. Full line: (X,) concentration.

Overall and as expected, dicyanamide anion appears to be a significantly stronger
ligand than NTf,. The gradual addition of [DCA] in the coordinating sphere of
Co(Il) rather than an immediate formation of tetradicyanamidocobaltate(Il)
complex is due to the high concentration of NTf," in the ionic liquid. Besides, K{*
is ca. five orders of magnitude higher than the value for the formation constant of
[Co(H,0)s(DCA)]" obtained in water (K¥ = 20.5), while K}, K¥and K} are nill in
water. We thus can infer that bis(trifluoromethylsulfonyl)imide is a weaker ligand
of cobalt than water, a statement that is confirmed by numerous evidences already

reported in the literature.**%***

Geometry of the complexes

According to the crystal field theory, molar extinction coefficient of transition
metal complexes can drastically change with the geometry of the
compound.?**?°%?°7 |n the case of cobalt, low values of &, namely under 100 L.mol’
.cm™ can be linked to an octahedral geometry,?®’ as observed for [Co(H20)s]** (e

= 4.5 L.mol™.cm™). A higher extinction coefficient value is most probably due to a
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tetrahedral geometry as observed with CoCl,* that exhibits a molar extinction
coefficient of 615 L.molt.cm™ at 690 nm in water.””* This phenomenon is
explained by the inversion centre observed in octahedral complexes that leads to
forbidden transitions according to the Laporte law.?%**®?°® Our study indicates
that the complex containing three dicyanamide anions in the ionic liquid exhibits a
molar extinction coefficient of 640 L.molt.cm™ and a strong blue color, while,
adding extra DCA™ anions leads to a complex with an inversed centre and thus a
negligible absorbance as derived from ex, values. We thus suggest that, in
accordance with equation (52), [Co(NTf;)iz_x)(DCA);]* is present in a
tetrahedral geometry and becomes octahedral when one dicyanamide anion is
added in order to form [Co(NTf;) ) (DCA),]*~%). This assumption is strengthen
by recent papers dealing with the geometry of cobalt(ll) complexes with
thiocyanate anions in ionic liquid media.*”***° In this work tetrahedral complexes
exhibit a strong blue colour while a bright red colour is observed for octahedral

complexes.
IV.2.5 Cobalt extraction by dicyanamide-based ionic liquids

To highlight the importance of studying the speciation of Co-DCA in water,
extraction of cobalt from an aqueous phase containing various [DCA]/[Co] ratios
with [Pges14][DCA] was performed. [P66614]+ was used rather than [C1C4Pyrr]Jr
cation because [C|C4Pyrr][DCA] is soluble in water. Considering Co(Il) interacts
mainly with the anions of the ionic liquid, the results obtained in the preceding

subsection still hold when [Peggs14][NTT;] and [Pges14][DCA] are used.

a. Experimental part

Firstly, starting from 0.7 mL solutions containing 5x10~ mol.L" of cobalt and 0 to
1 mol.L™" of sodium dicyanamide in water, 0.7 ml of [Pgg614][DCA] was added. The
[DCA]/[Co] ratio of all solutions before extraction was of 0, 1, 3, 10, 20, 50, 100,
150 and 200 in the aqueous phase. Secondly, 0.7 mL of mixtures containing
[Pess14][DCA] and [Pees14][NTT,] were prepared to extract 510~ mol.L™!' of cobalt
in an aqueous solution containing 1 mol.L"" of sodium dicyanamide. The weight

percentage of [Pess14][DCA] in [Pess14][NTT,] was of 0, 25, 50, 75 and 100 wt %.
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After stirring and centrifuging the samples during 60 and 15 min respectively, the
two phases were separated. The bottom phase, namely the aqueous solution was
analysed before and after extraction by Atomic Absorption Spectroscopy (AAS)
sece ANNEX 1-F. The extraction efficiency was measured thanks to the
distribution coefficient (D). According to experimental setup, the distribution

coefficient of all extraction is given with an error of + 5 %.

b. Results

Results are expressed in Figure IV.10. No extraction of metal was observed when
cobalt was in an aqueous solution without dicyanamide ions. However the
distribution coefficient (D) increases with the R ratio. Half of the cobalt is
extracted at R = 3 (D = 1). A quantitative extraction of metal is observed for R >

100 leading to a distribution coefficient of 105.
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Figure IV.10. Extraction of cobalt 5. 10 mol.L™! in water with [Psss14][DCA] from
an aqueous phase containing [DCA]/[Co] ratios of 1, 3, 10, 20, 50, 100, 150 and
200. Snapshots of extraction at ratios of 0, 3, 10, 50, 100 are presented. Ionic
liquid phase is on top.

The influence of the DCA-NTT, ionic liquid mixtures on the extraction of Co(Il)
was studied using ionic liquid mixtures containing 0, 25, 50, 75 and 100 wt %
[P66614] [DCA] in [P66614] [Nsz] Results are shown in Figure IV.11. [P66614] [Nsz]

ionic liquid is unable to extract cobalt as the distribution coefficient of such
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mixture is close to 0. However the higher is the percentage of dicyanamide, the
more efficient is the extraction. The distribution coefficient is thus of 1.4 and 105
for mixtures of 25 and 100 wt % of [Pees14][DCA] in [Pess14][NTT,] respectively.
One should notice that the density of [Pggs14][NTT:] is of 1.11 and is higher than
the one of the aqueous phase while the density of [Pges14][DCA] is much lower,
namely 0.89. This results in a phase inversion. The organic phase is thus the
bottom phase from 0 to 25 wt % and is the top phase from 50 to 100 wt %.
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Figure IV.11. Extraction of cobalt 5.10° mol.L™" in water and 1 mol.L™" of sodium
dicyanamide by [Peee14][DCA]-[Peee14][NTE,] mixtures. Weight percentages of
[Psss14][DCA] are of 0, 25, 50 and 100 wt %. Snapshots of all extractions are
presented. 0 and 25 wt % of [Pgee14][DCA]: Aqueous phase is on top. 50, 75 and
100% of [Pess14][DCA], ionic liquid phase is on top.

c. Discussion: From the speciation to the extraction

The poor extraction observed in the absence of dicyanamide ion in the aqueous
phase first reveals that the impurities found in the ionic liquid were not
complexing strongly enough with Co(Il) to yield an extraction of Co(II) towards
the 1onic liquid. Besides, because extraction of Co(Il) was significantly enhanced
in presence of [DCA] and because the colour of Co(Il) complexes changed
according to the speciation presented in the preceding sections, one can ascertain
that the presence of impurities in the phosphonium-based ionic liquids did not play

any significant role in the extraction of the metal ion.
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A strong correlation can be made between the speciation diagram of Co-DCA in
water provided in Figure 5 and the extraction trend of cobalt with various
[DCA]/[Co] ratio in water. The [Co(H,0)s(DCA)]" complex predominates in water
when the concentration of dicyanamide is 100 times higher than the concentration
of cobalt. Similarly, the extraction of cobalt increases with the [DCA]/[Co0] ratio
until reaching a plateau for R > 100. This result proves that cobalt needs to be
under the form of a monodicyanamide complex in order to be extracted towards
[Pess14][DCA]. In other words, a dicyanamide IL is unable to extract the free
metallic cobalt cation solvated in water. Furthermore, the nature of the organic
phase also has a significant impact on the cobalt extraction. We reported that DCA
ILs present a higher complexation constant of cobalt than what is observed in NTf,
ionic liquids or in water. This results in a more efficient extraction of Co(ll) as the
concentration of dicyanamide increases, as shown in Figure 7. It is important to
notice that while cobalt is efficiently extracted from a dicyanamide aqueous
medium, the colour of the metal changes from red in the aqueous phase before
extraction to a strong blue colour in the ionic liquid. This is characteristic of a
difference in complexation of Co(ll) in water and in an IL, as demonstrated in this
work. Cobalt(Il) is thus under the form of a pink octahedral [Co(H,0)s(DCA)]"
complex in water. Upon extraction towards the ionic liquid that contains a large
amount of dicyanamide ligands, the metal complex changes. According to the UV-
Vis spectrum, Co(Il) releases its water molecules, three dicyanamide and one or
two (NTf,) anions complex the metal, leading to a blue [Co(Nsz)(g_x)(DCA)g](x'4)
compound. According to the speciation study reported here, it is expected that the
apparition of the fourth and last complex, namely [Co(Nsz)(3_x)(DCA)4](x's)
requires a huge excess of ligands compared to the metal and is thus unlikely to be
predominant during liquid-liquid extractions. Finally, the exact mechanism,
specifically whether the complex change occurs at the interface, or if
[Co(H,0)s(DCA)]" passes the interface and changes into [CO(Nsz)(3_X)(DCA)3](x-4)

within the ionic liquid is not yet established.
IV.2.6 Conclusion

We have investigated and compared the complexation of cobalt by dicyanamide in

water and in an ionic liquid, [C1C4Pyrr][NTf,]. Strong evidences showed that only
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one DCA" is able to complex [Co(H,0)s]*" in order to form [Co(H,0)s(DCA)]" in
an aqueous solution. Due to a low complexation constant, a large excess of DCA
ligand must be added to complex most of the cobalt in water. Regarding the ionic
liquid, a model assuming four different complexes [Co(Nsz)(g_x)(DCA)](X'z),
[CO(NTH) 3.5y (DCA),]", [CO(NTH)(3.0(DCA)3]* ™ and [CoO(NTE;)3.5(DCA)4] "
which concentrations are directly related to the [DCA’]/[Co(II)] ratio is shown to
be fully in line with the experimental data. This work underlines the fact that
speciation of metal ions in an ionic liquid can be more exotic than that observed in
water. In addition, not previously observed complexes, such as the [Co(NTTt,)g-
x)(DCA)g](X'4) and [Co(Nng)(g_x)(DCA)4](x's), might show potentially promising
physical or chemical properties. As far as liquid-liquid extraction is concerned,
extraction mechanisms can thus be significantly influenced by the nature of the
metal complex formed within an ionic liquid. For instance, extraction of cobalt(Il)
using a mixture of hydrophobic ionic liquids based on [NTf;]" and [DCA]  anion
could very well enhance the extraction of this metal within the ionic liquid phase,
due to the metal complexes formed with the dicyanamide anion. Optimisation of
the metal ion extraction was obtained by carefully choosing the ratio of Co*",

[DCA] and [NTf,] anions in the aqueous and organic phase.

Regarding the recycling of transition metals from NiMH batteries investigated in
this chapter, separation of nickel from cobalt is at the center of our attention.
However, nickel is known to have similar extraction trends in dicyanamide-based
ionic liquids."® As a result, a quantitative isolation of those two metals seems
difficult in such system. Therefore, the construction of an innovative extraction

system must be investigated for the separation of Co from Ni.



203 | Chapter IV | Separation of Cobalt, Nickel, Manganese and Iron

IV.3 Novel 1onic liquid-based Acidic
Aqueous Biphasic Systems
(AcABS): From fundamentals to

metal extraction

This part is based on the following peer reviewed articles:

e Gras.M, Papaiconomou.N, Schaeffer.N, Chainet.E, Ted;jar.F,
Coutinho.J.A.P, Billard.I, Ionic-Liquid-Based Acidic Aqueous Biphasic
Systems for simultaneous leaching and extraction of metallic ion,
Angewandte Chemie 58 (2018) 1563-1566.

e Mogilireddy.V, Gras.M, Schaeffer.N, Passos.H, Svecova.L,
Papaiconomou.N, Coutinho. J.A.P and Billard.I, Understanding the
fundamentals of Acid-Induced Ionic Liquid-based Aqueous Biphasic
System, Physical Chemistry Chemical Physics, (2018).

e Schaeffer.N, Passos.H, Gras.M, Mogilireddy.V, Leal.J.P, Pérez-Sanchez.G,
Gomes.JRB, Billard.I, Papaiconomou.N, Coutinho.J.A.P, Mechanism of

ionic liquid-based acidic aqueous biphasic systems formation, Physical

Chemistry Chemical Physics, 20 (2018) 9839-9846.
And on the following patent:
(2) Papaiconomou.N, Gras.M, Coutinho.J.A.P, Billard.l, Ionic liquid acid
aqueous two phase system, FR3058735A1, 2016

IV.3.1 Introduction

The major developments in the use of ionic liquids in solvent extraction can be

divided into three main categories: ILs are used as the diluting hydrophobic phase
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in conjunction with a traditional extracting agent, selective extraction of metals
through the IL’s anion interaction and task specific ILs.'?%'"*% The ionic nature
of ILs results in metal extraction mechanisms from an aqueous phase not possible
in conventional organic solvents. The ability of ILs to solvate both charged and
neutral metal complexes is the reason behind the various extraction mechanisms in
IL mediated solvent extraction processes. More recently, several papers have
shown that neat ionic liquids are very successful at extracting several metal ions

100,126,191,301
from aqueous phases. 77

Despite the proven potential of ILs as
alternatives to volatile organic compounds in liquid-liquid extraction, some
significant drawbacks remain. First, the range of hydrophobic ILs is limited, most
being based on fluorinated anions such as bis(trifluoromethanesulfonyl)imide,

241,302 .
’ Fluorinated ILs are

[TfaN], or on ILs incorporating long alkyl chains.
expensive and are not likely to suffer from biodegradation.’®® A collateral problem
is that although hydrophobic, these ionic liquids are significantly soluble in the
acidic aqueous solutions from which the metal ions are to be extracted, which

12-14

induces a costly undesirable loss. Furthermore, hydrophobic ILs with bulky

alkyl chains such as trihexyltetradecyl phosphonium chloride, exhibit high

viscosities that hinder their industrial applicability.'>'®

In order to overcome the difficulties associated with IL-based liquid-liquid
extraction systems, such as the limited number of ILs available, their ecotoxicity
and their viscosity, we propose an alternative for a ‘one-pot’ dissolution and
separation of metals based on aqueous biphasic system (ABS). During the past
decade, so-called aqueous biphasic systems based on ionic liquids have emerged in
the literature.'>"'?>!°%3%% ABS are composed of a hydrophilic ionic liquid, water
and an (in)organic salt, containing typically a multivalent anion, such as phosphate
or sulphate. Depending on the temperature and exact composition, upon mixing of
these three compounds two immiscible aqueous phases are eventually formed. One
aqueous phase retains most of the IL, while the other is concentrated in the salt.

ABS have until now been nearly exclusively applied to the extraction of neutral
molecules such as biologically active compounds, dyes, etc.'*®!?*1?41% Reported
ABS are usually formed with non-fluorinated ILs and as the extraction occurs in an
aqueous solution, ABS tackle the issues related to the cost and viscosity of

hydrophobic ionic liquids.
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However, the acidic media in which metal extraction occurs present new
challenges compared to the neutral pH required for the separation of biological
compounds.

One of the major limitations of applying such ABS to metallic ion extraction is the
difficult handling of metal ions with high sensitivity to hydrolysis and/or
precipitation as this requires strong acidic conditions that are apparently
incompatible with ABS general composition. Few articles deal with the extraction
of metal ions using such hydrophilic ionic liquid-based ABS. The extraction of
silver initially dissolved in an aqueous phase containing above 2 mol.L"' HNO;
using an ABS based on 1-butyl-3-methylimdazolium chloride and potassium
phosphate was reported.>*® In this case, however, questions arise concerning the
exact speciation of the phosphate anions under such highly acidic conditions. The
partition of nitric acid in such a system is also an issue that was not dealt with.
With the objective of closing the gap between such ABS and metallic ion
extraction from acidic phases, we now report new ABS containing high amounts of
acid and only one hydrophilic ionic liquid hereby called acidic ABS (AcABS).
This novel AcABS is composed by a hydrophilic ionic liquid,
tributyltetradecylphosphonium chloride ([P44414][Cl]), an acid and water. The acid
advantageously plays the role of the inorganic salt, thus tackling the issue of
forming ABS in acidic conditions and simplifying the chemical system in terms of
number of ions present in solution. It therefore appears to be of crucial importance
to overcome the limitations raised by the presence of a large concentration of acid

in leaching solutions.

This part dedicated to ABS and to selective liquid-liquid extraction of TM will be
divided in two parts. First, fundamentals of acidic aqueous biphasic systems will
be presented. Phase diagrams, nature and phase volumes will be analysed to
understand the behaviour of these new systems in a large range of temperatures
and concentrations. In a second step, the potential of AcABS for metal extraction
will be reported. Finally, a strategy for the recovery of metallic cobalt by
electrodeposition in an AcABS starting from a solution of mixed Co(II), Ni(II) and

Mn(1II) will be presented.
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IV.3.2 Fundamentals of Acidic Aqueous Biphasic System

a. Experimental part

Phase diagrams

[P44414][Cl] is a hydrophilic ionic liquid, has the appearance of a white waxy
material at room temperature. Its melting point is 38.5 °C as determined by the
differential scanning calorimetry (DSC) provided in (ANNEX 2-D). This ionic
liquid is soluble in any proportion in pure water. However, upon mixing
[P44414][C1] with a 37, 96, 6, 85 or 68 wt. % HCI, H,SO4, H,SO3, H;PO4 or HNO;
solution respectively at room temperature, two liquid immiscible phases are
sometimes formed. In order to determine at what conditions our system is
monophasic or biphasic, the cloud point titration was applied:

Typically, 1 g of an aqueous solution containing 50 to 70 wt. % [P44414][Cl] is
prepared in a 10 mL vial. The vial is then thermostated at a given temperature
using a water bath. Drops of a concentrated acidic solution are then added until the
solution becomes cloudy, which is characteristic of the apparition of a biphasic
system. Drops of ultrapure water are then added to the vial until the solution
becomes clear again. These steps are repeated in order to obtain a series of cloud
points, corresponding to the binodal curve that is the border line between the
monophasic and biphasic state. In line with previous works, the binodal curve is
presented by plotting the amount of ionic liquid as a function of the amount of
acid. Experimental errors on the cloud points are in the order of 0.1 wt. %,
corresponding to the mass of a drop of about 20 mg. Cloud point titration is

schematized in Figure IV.12.

+ Acid

C.H,
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Figure IV.12. Scheme for the point titration technique
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Finally, phase diagrams of mixed system ABS-AcABS using [P44414][CI] / HC1 /
NaCl / H,O were investigated. To that end, the cloud point titration method was
used with fixed concentrations of NaCl at 1, 2 and 4 wt. % in order to observe the
influence of sodium chloride as an additional salting out agent on the binodal.

Those experiments were carried out at 24 °C.

Phase compositions

Focusing on the [P44414][Cl] / HCI / H,O system, five different mixtures of ionic
liquid, acid and water, denoted as A to E, were prepared. Details on their
preparation are given in Table I'V.3.

All mixtures were prepared adding various amounts of ionic liquid to 1 mL of
aqueous phase containing concentrations of HCI ranging from 6.0 to 10 mol.L™

HCI.

Amounts of each
Mixture preparation
compound (wt. %)

I mL
. [P44414][C1] Total
Mixture [HCI] [P44414][C1] HCI Hzo
y (g) mass(g)
(mol.L™)
10 0.25 1.40 17.8 259 56.3
8.0 0.25 1.36 18.1 20.8 61.1
6.0 0.25 1.35 18.6 15.7 65.7

8.0 0.375 1.48 25.0 19.0 56.0
6.6 0.125 1.25 10.2 19.0 70.8

m o O =% »

Table IV.3. Composition of mixtures A to E of the corresponding [P44414][C1] /
HCI / H,O AcABS formed.

The mixtures were prepared and left over night. If a biphasic system was formed,
the two phases were separated and both volumes were measured. The water
content of the top phase, known as the IL-rich phase was analysed by Karl Fischer
titration while the acidic concentration of the bottom phase known as the acid-rich

phase was checked using acid-base titration.
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b. Results and discussion

Salting out effect of various inorganic acids

Phase diagrams for various [Ps414][Cl] / Acid / H,O systems at 24 °C using
hydrochloric, sulfuric, nitric and sulfurous acid are represented in Figure IV.13.
For comparison and because the molecular weight of acids are different, the phase
diagrams will be expressed in mol per kg of solution (mol.kg™). All binodal curves
were obtained by the cloud point titration method. For a fixed temperature, any
mixture prepared in the area situated on the left of the binodal will lead to a
monophasic mixture. Likewise, any mixture prepared in the area situated on the

right of the binodal will lead to a biphasic mixture.

Monophasic Biphasic
area
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1
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] ¢ HCI
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Figure 1V.13. Binodal curves for various [P44414][Cl] / Acid / H,O AcABS at 24

°C. Blue diamond: HCI, red square: H,SOy, green triangle HNO3 and purple circle
H,S0s.

Results show that the biphasic area can be wider from one acid to another. Using
0.5 mol.kg™ of ionic liquid, more than 5.5 molkg™ of hydrochloric acid are
required to induce a biphasic solution while this value is 2 mol.kg™ for sulfuric
acid. Regarding HNOs, a single drop of concentrated acid causes an increase in the
turbidity of the solution indicating that two phases are formed. As a result, less
than 0.5 mol.kg™ of the latter acid is required to induce the biphasic state. It is
worth to notice that experiments using H3PO4 were also carried. This inorganic
acid was however unable to induce a biphasic solution at 25 °C. Regarding the

ability of acids to form solutions with two immiscible phases, from the strongest to
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the weakest one, the following series is observed: HNO; > H,SO; > H,SO,4 > HC1
> H3PO4. These results deviate significantly from the Hofmeister series (SO42' >
PO, > CI" > NOj3") an empirical observation describing the ability of ions to
induce the salting out of proteins but also, polymers and salts.'’® The deviation
between the Hofmeister series and our result can be explained by two main
reasons. (i) Concentrated acids are not fully dissociated when the concentration is
high. As an example, the binodal of the [P44414][Cl] / H,SO4 / H,O system is close
to 2 molkg' for concentrations of IL over 0.1 molkg”. In those specific
conditions and because the pKa of H,SO4 are of -3.0 and 1.9, HSO4  will be the
predominant species with small amounts of dissociated SO4* ions. We can thus
infer that the salting out effect of the hydrogenosulphate ion will be different from
the sulphate one. (ii) Focusing again on the [P44414][Cl] / H,SO4 / H,O system, a
large range of ions are initially present in the IL, namely, [P4s414]  and Cl” and in
the aqueous solution, namely, HSO,, SO,* and H'. After inducing a biphasic
solution ([Pa44414][C1] > 0.1 mol.kg'l, [H,SO4] > 2 mol.kg'l) ions are highly
susceptible to exchange from one phase to another. As a result, [P4414][Cl] forms
[P44414][HSO4] in presence of concentrated sulphuric acid. This phenomenon was
highlighted by Mogilireddy et al. 2018”°" in a recent paper from our group. Using a
weight ratio of IL:Acid of 1:2, more than 63 and 14 molar percent of chloride ions
from [P44414][Cl] were exchanged with nitric and hydrogenosulphate ions using
H,SO4 and HNOj as salting out agents respectively. This ion exchange is a well-
known mechanism in ionic liquid synthesis as nitrate or hydrogenosulphate ILs can
be prepared by addition of concentrated HNO3;**® or H,SO4*” respectively in
chloride-based ionic liquids. However the newly formed IL, [P44414][NO3] is not
fully soluble in water anymore but can be considered as a hydrophobic IL. As a
result, this system can’t be defined as an Aqueous Biphasic System according to
the definition given in Chapter I. This fully justifies the formation of two phases
at low concentration of acid for the system [P44414][Cl] / HNO; / H,O and explains
the deviation observed between binodal curves in Figure I'V.13 and the Hofmeister

series.
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Temperature impact on phase diagrams

To avoid any ion exchange, the following study will focus on the [P444;4][Cl] / HCI
/ H,O AcABS. The binodal curve observed at 24 °C in Figure IV.13 is compared
with similar systems at various temperatures in Figure IV.14. The three-dimension

diagram of the latter system is given in Figure IV.15.
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Figure IV.14. Binodal curves for [P44414][Cl] / HCI / HO AcABS. Blue square: 25
°C, red diamond: 36 °C, green triangle: 45 °C, orange circle: 50 °C, Purple square:
56 °. Mixture points from A to E are represented in large yellow squares. Points
[IL] > 30 wt. % were measured by V.Mogilireddy during her post-doctoral
position.

Lowering the temperature of a biphasic system can turn it into monophasic state,
which corresponds to the behaviour of a system presenting a lower critical solution
temperature (LCST). LCST behaviour has previously been observed for several
phosphonium-based IL in classical ABS.'1% As shown in Figure 1V.14 and
Figure IV.15, two domains appear. In the first domain, below 50 wt. % of ionic
liquid, the concentration of acid required to induce a biphasic system is strongly
dependent on the temperature. While at 24 °C a solution with 15 wt. % of
[P44414][Cl] requires 20 wt. % of HCI to form two phases, at 56 °C, 6 wt. % HCl is
enough to obtain a phase separation in the same mixture.

This is not the case of the second domain, for concentration of [P4414][CI] higher

than 50 wt. % where temperature has a negligible effect on the position of the
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binodal centered around 13 = 1 wt. % HCI. Surprisingly, from 45 to 56 °C, over 20
wt. % IL, the concentration of HCI needed to induce two phases is decreasing with

the increasing concentration of IL. Binodals will thus form what was described as

. 307
an onion shape.
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Figure IV.15. 3D phase diagram of [P444;4][C1] / HCI / H,O from 25 to 56 °C.
Mixed systems ABS-AcABS

Onghena et al.?%* recently reported the formation of ABS using [P44414][Cl] and
NaCl and their application to the separation of cobalt from nickel. A comparison of
the phase diagrams for these systems shows that they have a similar shape and
temperature dependency, albeit weaker for the NaCl system, with this system
presenting a much larger biphasic region. The phase separation requires a
significantly higher concentration of chloride in the case of [P44414][Cl] / HCI /
H,0O compared to that required in [P44414][Cl] / NaCl / H,O which is around 17.6
wt.% and 5.7 wt.% respectively at 30 wt.% [P44414][Cl]. However most metals, e.g.
platinum and iron, are not stable in solution at the high pH of this system,>’ while
the AcABS allows the extraction of metals directly from the leachate just by
adding [Pa4414][Cl]. To increase the biphasic region of AcABS system and provide
stability of metallic ions in an acidic pH, mixed systems were investigated. Phase
diagrams of [P44414][Cl] / HCI-NaCl / H,O with 1, 2 and 4 wt. % NaCl at 24 °C are
reported in Figure IV.16.
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Figure IV.16. The effect of NaCl concentration on the binodal curve of [P444;4]CI-
HCI-H,0 system at 24 °C. All binodal points containing NaCl were measured by
N.Schaeffer during his post-doctoral position.

Interestingly, while at 15 wt. % IL, 20 wt. % HCI is needed to induce a biphasic
solution at 24 °C, this value drops to 16, 13 and 6 wt. % when 1, 2 and 4 wt. %
respectively of NaCl are added. This synergetic effect of HCI and NaCl offers to
mixed systems ABS-AcABS the ability to set the concentration of acid of a bath to

an appropriate value, function of the desired applications.

The overall phase diagrams bring the proof that biphasic solutions can be induced
by a salt, an acid or both forming ABS, AcABS or ABS-AcABS respectively. They
present an important thermomorphic behaviour in a large range of temperature and
concentration which highlights the tuneability of those novel potential extraction

systems.

Phase compositions
Snapshots of a [P44414][Cl] / HCI / H,O solution heated from 24 to 50 °C during 10
min containing Fe(Ill) and Co(II) are shown in Figure IV.17.
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Figure IV.17. Snapshots of [P414][Cl] / HCI / H,O AcABS with Fe(Ill) and
Co(II) from 24 to 50°C. Metals are only present to provide coloring of both phases.

Demixion phenomenon while heating [P44414][C1] / HC1 / H;O AcABS stems from
fast exchanges of components from one phase to another through volutes until an
equilibrium is reached. After 10 min of heating, the two phases are well separated
and stable. If the sample is cooled down to room temperature, only a strong
agitation of the AcABS can lead to the re-formation of the monophasic system.
Questions remain regarding the composition and volumes of both phases with the
evolution of temperature and concentrations.

Five different mixture points A to E were prepared according to their composition
depicted in Table IV.3. These mixture points have been plotted in Figure 1V.14.
The evolution of the volume of both phases, of the water content of the top phase
(the IL-rich phase) and of the acidic concentration of the bottom phase (acid-rich
phase) were investigated at 24 and 50 °C for all mixture points. Results are

gathered in Table IV 4.
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Phase volumes Water-content HCl-content

24 °C 50 °C 24 °C 50 °C 24 °C 50 °C

M Upper Lower Upper Lower Upper Upper Lower Lower Lower Lower
ixture
(mL) (mL) (mL) (mL) (wt.%) (wt.%) (wt.%) (mol.L") (wt.%) (mol.L™)

A 0.45 0.85 035 0.95 17.5 15.3 29.4 9.2 28.7 9
B 0.40 0.88 0.35 093 233 13.3 253 7.8 25.2 7.8
C - - 060 0.68 - 43 - - 17.1 5.1
D 0.70 0.68 0.63 0.75  26.1 20.3 25.1 7.7 24.8 7.6
E - - 023 0098 - 31.0 - - 21.6 6.5

Table 1V.4. Behaviour of both phases in terms of volumes, water content of the
IL-rich phase and HCI content of the acid-rich phase at 24 and 50 °C.

For mixtures exhibiting a phase separation, the compositions of the upper and
lower phases are related by tie lines.*'**'® Since the lower part of the binodal
curves in Figure IV.14 are very close to the x-axis, the acid rich phase contains
very little ionic liquid while the upper phase contains essentially all the ionic
liquid. The latter statement was verified by NMR quantification in a recent paper
from our group where less than 1 wt. % of the IL can be found in all acid-rich
phases.’”” The water content is the lowest for mixture point A at 24 °C and reaches
a maximum for mixture point C at 50 °C with weight percentages of 17.5 and 43.0
respectively. Regarding the HCI concentration in the lower phase, it decreases with

increasing temperature due to the transfer of water from the IL-rich phase.

As shown in Table IV.4, it appears that for a given mixture, the amount of water
in the upper phase decreases with temperature. Similarly, for that same mixture,
the volume of the upper phase is found to decrease with temperature. Combining
these results with the fact that the ionic liquid is almost only present in the upper
phase, the influence of the temperature on the phase separation of an AcABS can
be depicted according to Figure IV.18.

With the increase in temperature, the formation of a biphasic solution results from
water and HCI being expelled from the initially monophasic mixture and forming

an essentially ionic liquid-free lower phase. As the temperature increases, more
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water and HCI are expelled, yielding an increase in the volume of the lower phase

and a decrease in the volume of the upper phase.

Figure IV.18. Influence of the temperature on the phase splitting. The HCl-rich
phase is assumed to be completely depleted in ionic liquid. Metals are only present
to provide coloring of both phases

The LCST-type behaviour of the AcABS is related to the strong polar/electrostatic
interactions between the water and the ions and the unfavorable negative

contribution to the entropy of mixing with increasing temperature.>'*

Overall, the ability to separate highly acidic solutions into two phases in presence
of an ionic liquid by increasing the temperature allows the development of metal
recycling processes combining leaching and extraction of metal ions. AcABS
systems offer the ability to leach a metal towards a mixture and then partition the
metals ions between two aqueous phases formed upon heating up the initial

aqueous leaching liquor.

IV.3.3 Acidic Aqueous Biphasic systems for metal extraction

a. Experimental part

Starting from [P44414][Cl] / HCI / H,O AcABS, five mixtures containing 30 wt. %

IL and increasing concentration of HCIl ranging from 10 to 30 wt. % were
prepared. These five mixtures were used to study separately the partitioning of
Co(II), Ni(II), Fe(III) or Mn(II) metal ions at 0.1 mol.L™" at 50 °C, representing all

the transition metals found in NiMH batteries.
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The separation of Co(II) from Ni(II), two difficult metals to isolate, found together
in natural ores was studied in an additional set of experiments. A solution
containing both metal ions at a concentration of 0.1 mol.L™" was extracted with
[P44414][Cl] / HCI / H,O AcABS mixtures forming an AcABS with a concentration
of IL of 30 wt. % at 24 °C (20, 25, 30 wt. % IL) and at 50 °C (10, 15, 20, 25, 30
wt. % IL) according to the phase diagrams reported in Figure IV.14.

b. Measurements

Tubes were stirred in a rotator during two hours until complete dissolution of the
IL and placed in a heating bath for 6 hours. Aliquots of the upper and lower phases
were then taken and the concentration of metals determined with the help of an
AAS apparatus. Please note that unlike the analysis reported previously in the case
of the extraction of metal ions using ionic liquid, the concentrations of metal ions
were measured in both phases. The mass conservation law was confirmed (£ 5 %).
All concentrations were determined after cooling down aliquots at 24 °C when

necessary.

The distribution coefficient (D) and the extraction yield (%E) were calculated as

follows:
Mo Viniti
[ ]OV initial [M]low v
D — low X low (54)
[M]iow Vup
Mlo Viniti
[ ]OVlmLtlal — Mliow
%E = —Vlow x 100 (55)
[Mlo Vinitial
Viow

[M]o is the concentration in mol.L™" (25 °C) of metal in mixtures A to E before
extraction (i.e before addition of the IL). Vi,iia 1s the volume in ml of the mixture
before extraction and addition of IL. [M],w i1s the concentration in mol.L! of the
metal ion in the lower phase after extraction. Vj,, and V,, are respectively the

volumes at 25 °C, expressed in mL, of the lower and upper phase after extraction.

The separation factor of cobalt(Il) from nickel(I) was calculated as described by

the following equation:
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U D¢o
co = oo (56)

In addition, the proportions of each metal ion in the upper (ng ) and lower (x53"

phases were calculated as following:

Up _ [Co]“P

Xco = [Ni]#P+[Co]uP (57)
illow
xkow = __INDW___ (58)

[Nl‘]low+ [CO] low

With superscripts up and low standing for the upper and lower phases,

respectively.

c¢. Results and discussion

Single extraction of TM found in NiMH batteries by AcABS

The highly acidic aqueous solutions yielding biphasic systems in this study are
representative of the solutions employed as leaching phases in industrial processes
for the production/recycling of metals. We therefore present in this section results
for the extraction and separation of leached metallic ions using AcABS. This
represents a major advantage as no pH adjustment is required, with AcABS
formation relying on the acidity of the leaching solution.

Extraction yields of cobalt(Il), nickel(Il), manganese(Il) and iron(IIl) using
[P44414][C1] / HC1/ H,O AcABS at 50°C are given in Figure 1V.19.

The four metals studied follow very different trends. Iron(IIl) is always
quantitatively extracted toward the IL-rich phase leading to an extraction yield
over 98 % whatever the concentration of acid. This is not the case of nickel(II) that
remains in the acid-rich phase after extraction until 25 wt. % of HCI (%E < 5 %).
However, a small extraction can be noticed at 30 wt. % hydrochloric acid where
approximatively 10 molar percents of nickel are loaded to the top phase.
Extraction yields of manganese are continuously increasing with the acidic
concentration reaching a maximum of 40 % extraction at 30 wt. % of acid.
Similarly, %E for Co(Il) is increasing with [HCl] however this phenomenon occurs

from 10 to 25 wt. % HCI where the extraction yield of cobalt reaches a maximum
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of 93 wt. %. Increasing the concentration of acid to 30 wt. % leads to a decrease of

the extraction yield of cobalt (%E = 85 %).
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Figure IV.19. Extraction efficiency of single ion solution of 0.1 mol.L™" Co(II),
Ni(II) or Mn(II) chloride in [P44414]CI-HCI-H,O AcABS using 30 wt.% [P44414]C1
as a function of HCI concentration at 24 °C.

In order to get a better understanding of the mechanisms underlying the extraction
of the metal ions studied here, we will briefly recall the insights gained for the
extraction of various metals towards hydrophobic ionic liquids-based systems.
Previous studies have shown that metal ions forming anionic complexes such as
AuCly, IrCléz', PtCléz', PdCl42', RhC163', CoCl,* etc. are extracted efficiently using
simple hydrophobic ionic liquids without any extracting agent.'®~%"*'> In all these
studies, the extraction mechanism is ascribed to the formation of a hydrophobic
pair between the anionic metal complex and the cation of the ionic liquid. In
addition, recent reports have demonstrated that because of the non-negligible
solubility in water of ionic liquids, when the latter are used as the extracting phase,
ion pair formation and anion exchange mechanisms actually describe the same
mechanism.>'® On this basis, we suggest the following mechanism as described

through the following equation.

[Prasral[CL] + MClion i1y © [P44414][MCI(0N+1)] +Cl™ (59)
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Where species expressed under a bar means they are located in the organic phase.

M stands for the metal and ON refers to its oxidation number.

Ni(II) exhibits a limited coordination with chloride anions, highlighted by the low
complexation constant of NiCl™ (k;"'“' = 0.07).* The inability of Ni(II) to form
anionic chloro-complexes in water results in low extraction yields due to its
inability to form an ion pair with the IL cation. The intermediate complexation
constant of Mn(II) with CI" (k;™""" = 0.33) compared to Ni(II) and Co(1I) (k;°"*
= 0.40)*" is reflected in its extraction efficiency (Figure IV.19). Contrary to
nickel, iron has one of the strongest ability to complex with chlorides among the

. +
transition metals (k; "

= 1.96), in other words, a large excess of chlorides vs
Fe(Ill) is not needed to achieve a complete formation of FeCl,” and thus a
quantitative extraction. In the case of Co(Il), its speciation is known to change
significantly depending on the ratio concentration of metal on concentration of
chloride ions. For instance, at 24 °C, for a fixed amount of cobalt(I), Co(H,0)s>"
is formed in pure water, while CoCl;™ and C0C142' are found at high concentrations
of HC1.%*® Indeed, the third and fourth complexation constants at 25°C are of 7.65
and 2.77 respectively.?*®

In all cases, extraction of Co(Il) using this AcABS led to ionic liquid-rich phases
exhibiting a blue color, as shown in Figure IV.18. This color and the
corresponding absorption spectra are characteristic of negatively charged
complexes such as CoCl;™ or C0C142'. Previous reports studying the extraction of
Co(II) using [Pess14][Cl] pointed out towards a predominant CoCl> species within

the ionic liquid phase.'®

In our case, the presence of such tetrachlorocobaltate(II)
complex is easily explained by the fact that all ionic liquid-rich phases contain a
large amount of Cl originating from the HCI and the ionic liquid itself as

confirmed by UV-Vis analysis of the IL phase after extraction (ANNEX 2-E).

Separation of nickel from cobalt by AcABS
As a proof of concept of the application of these new acidic ABS in the separation
of metal ions, the competitive extraction of Co(Il) and Ni(Il), relevant to the

recycling of NiMH batteries but also in natural ores, was studied at 24 and 50 °C.
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Results for the study of the separation of Ni(Il) from cobalt(Il) are reported in
Table IV.5.

co(ll) Ni(11)

(V'&%}c)) %E D  %E D o oxy

20 877 14 <200 <005 280 098  0.89

24°C 25 937 19  <2.00 <0.05 380 0098  0.94
30 871 13 84 009 144 091  0.88

10 56.7 3.2 <2.00 <0.05 64 0.97 0.69
15 71.8 9.9 <2.00 <0.05 198 0.97 0.78
50 °C 20 88.5 17 <2.00 <0.05 340 0.98 0.89
25 97.7 21 <2.00 <0.05 420 0.98 0.98
30 88.8 17 11.3 0.14 121 0.89 0.89

Table IV.5. Extraction vyields (%E), distribution coefficients (D), separation
factors (Bé’f) and mole fractions of cobalt in the upper phase (x£5%) and of nickel

in the lower phase (xy?") using [P44414][CI] / HCI / H,O ([IL] = 30 wt. %) at 24
and 50 °C. Initial concentrations for all metals were 0.1 mol L™.

The extraction yields for each metal are very similar to those obtained in the single
extraction experiments. Ni(II) partitions preferentially to the lower phase, whereas
Co(II) is extracted towards the upper phase. Values for the separation factor appear
to differ significantly depending on the initial composition of the mixture and the

temperature at which extraction is carried out. At all temperatures, the highest
values for Blcjg are obtained with mixtures containing 25 wt. % HCI. This value
corresponds to the optimal acidic concentration where cobalt is quantitatively
extracted and nickel fully remains in the bottom phase.

At 50 °C, distribution ratios are systematically higher than those obtained at 24 °C.
The highest value for cobalt is of 21 for the mixture at 25 wt. % HCI.

Values for x> and xy?" are also given in Table IV.5. IL-rich phases from mixture

using 25 wt. % HCI at 24 and 50 °C exhibit the highest purity values for ng of
0.98 in both cases. The purity of Ni(Il) in the corresponding HCl-rich phases is

however higher for the mixture at 50 °C compared to the one at 24 °C.
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From an application point of view, values for xgg and x59" reveal that both metal
ions are quantitatively separated between the two phases, that is Co(Il) in the
upper and Ni(Il) in the lower phase, using 30 wt. % [P44414][Cl], 25 wt. % HCI at
50 °C.

Nevertheless, such process will be considered as successful if the metal can be
recovered after performing an extraction step. Relying on those results,
electrochemical investigations will be carried out to perform electrowinning of

cobalt directly in the IL-rich phase after extraction.

IV.3.4 Recovery of cobalt by electrodeposition in ABS-AcABS

a. Experimental part

Electrochemical investigations including chronoamperometry and cyclic
voltammetry (CV) were carried out using a Metrohm Autolab potentiostat
controlled with the GPES software. A three-electrode system was used consisting
of a glassy carbon (GC) working electrode (3 mm diameter), an iridium counter
electrode and a silver chloride (Ag/AgCl) reference electrode. The working
electrode was polished with diamond paste, rinsed and dried prior to all
measurements.

All voltammograms of single 0.1 mol.L™' Co(II) aqueous solutions were obtained
at 24 °C and at a scanning rate of 0.01 V.s™, [P44414]Cl concentration (from 0 to 20
wt.%) and HCI concentration (0 to 8 mol.L™).

Chronometric deposition experiments were performed in the following three
systems: ABS, AcABS and ABS-AcABS (with and without the addition of water).
Compositions of all systems are depicted in Table IV.6. After extraction from a
single metal solution containing 0.1 mol.L™! of CoCl,.6H,0 or a mixed solution of
0.1 mol.L"! of CoCl,.6H,0, NiCl,.6H,0O and MnCl,.4H,0, the IL-rich phase was
isolated from the aqueous one. Extraction yields, in line with the previous part on

metal extraction are shown in Table IV.6.
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Composition
(Wt. %) ACABS ABS ABS-ACABS
[Pasa14][Cl] 30 30 30
HCI 25 0.0 3.7
NaCl 0.0 7.6 7.6
Extraction
vield (%) ACABS ABS ABS-ACABS
Co(ll) 95.8 96.2 99.0
Mn(Il) 39.8 40.7 43.2
Ni(ll) <2.00 <2.00 <2.00

Table IV.6. Composition of the ABS, AcABS and ABS-AcABS systems studied
and their related extraction yields at 50 °C.

CV experiments were carried out under diffusion control in a potential range of
-2.50 to 2.00 V vs. Ag/AgCl at a scan rate of a 0.01 V.s'. Electrodeposition of
metals was undertaken by chronoamperometry under diffusion control at a fixed
potential of -2.00 V vs. Ag/AgCl during one hour. The three systems namely,
AcABS, ABS and ABS-AcABS depicted in Table IV.6 were studied.

A fourth system was considered to investigate the impact of the water content on
the deposition. After isolating the phases from the system ABS-AcABS, the top
phase was separated and diluted in a minimum of water (around 0.2 g of water per
gram of IL-rich phase) until the solution colour transitioned from a deep blue to
light red. This well-known colour change is due to the transition of blue chloride-
complexes (CoCly® or CoCl;™) to the formation of a red cobalt hexahydrate
complex, Co>"(H,0)s.2* This system is referred to as “ABS-AcABs-diluted” in this
work.

Obtained deposits were analysed by SEM-Energy Dispersive Spectroscopy (SEM-
EDS) and SEM-Secondary Electrons (SEM-SE) for single metal extractions.
Metallic deposits obtained after selective deposition of cobalt in multielemental
solutions were analysed through XRD. In the latter case, the metal was fully
leached in 5 mL of 4 mol.L" nitric acid (HNO3) in order to investigate (i) the
purity of the metal and (i1) the Faradic efficiency of the electrodeposition (Ef). The
Faradic yield corresponds to the ratio between the experimental and theoretical
conversion of Co(Il) to Co(0) during electrodeposition. Er was calculated

according to the following equation:
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_ CcoXVHNo3
Ep =~ 2% X 100 (60)
nF

where Cc, represents the concentration of cobalt in mol.L™' in the aqueous phase
containing nitric acid, used to leach the deposits. Vynos is the volume of the nitric
acid solution in L. [ (A) represents the current produced during
chronoamperometry measurements for a given time ¢ in seconds. /" and » stand for

the Faraday constant and the charge of the metal.

b. Results and discussion

Electrochemical behaviour of Co(Il) in ABS-AcABS systems
Having demonstrated the separation of Co(II) from Ni(II) and Mn(II) in AcABS

and ABS-AcABS (part IV.3.3) as well as the partitioning of the system

components (part 1V.3.3) relevant to the subsequent deposition of Co(Il), the
electrochemical behaviour of studied system is now investigated.

The influence of the hydrophilic IL [P44414][Cl] in aqueous solutions on the
reduction potential of Co(Il) was investigated and the results are presented in
Figure IV .20.

The presence of the IL in aqueous solution reduces the reduction of water to
hydrogen kinetics (c¢f. Figure IV.20-A), in line with the wide electrochemical
window of phosphonium-based ILs.'"*?!'7 Co(II) is known to reduce to metallic
cobalt at a potential of -0.28 V vs. NHE, this is to say, -0.50 V vs. Ag/AgCL.*"" In
accordance with the literature, the CV of an aqueous 0.1 mol.L™" Co(II) solution
(Figure IV.20-A, dashed line) presents an inset reducing peak at -0.42 V and a
minimum at -1.0 V vs. Ag/AgCl. A large oxidation peak is also observed from 0.42
to 0.59 V vs. Ag/AgCl, confirming that the process is reversible. The addition of
increasing amounts of [P44414]Cl1 from 0 to 10 wt. % IL results in a decrease in the
cathodic peak potential for cobalt (ERedCO) from -0.42 to -1.06 V vs Ag/AgCl.
When the concentration of IL exceeds 10 wt.%, the reduction peak potential

remains constant (c¢f. Figure I1V.20-B).
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Figure IV.20. (A) CV experiments at a 0.01 V.s™' scan rate of various solutions
containing 0.1 mol.L" of Co(II) and concentration of [P44414][Cl] ranging between
0 (black dotted line) and 20 wt. % (light to dark blue colours). (B) Evolution of the
inset peak corresponding to the reduction of Co(II) to Co(0) as a function of the
concentration of [P44414][Cl].

This shift in the reduction peak is a strong indication of a change in the
complexation of Co(Il) in the presence of the chloride anions from the IL. The
anionic cobalt complexes CoCl;™ and CoCl4* are the predominant complexes
reported in chloride based ILs.'*®2°**%*!¥ Eyrthermore, whilst the CoCls™ was
shown to be electrochemically active in ILs, the complex CoCls*” was not.’'” This
suggests that a high chloride concentration is inhibiting to the deposition of Co(0).
However, in accordance with the Nernst law, complexation of chlorides is

insufficient to explain such a shift in the reduction potential. The electrochemical
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kinetic behaviour of nickel electrodeposition was previously studied in acidic
aqueous phases and lead to the intermediate formation of Ni(OH) adsorbed
species.®°3?2 Similarly, cobalt is assumed to present the following reduction

mechanism in water:
Co** +e + OH & Co(OH)ags (61)

Co(OH)yys + & < Co + OH" (62)

Elevated concentrations of ILs could inhibit the formation of the intermediate
complex cobalt(l) hydroxide adsorbed species and therefore reduce the kinetic of
reduction of Co. The intensity of all reduction peaks decreases with the
increasing IL concentration. This can be linked to the higher viscosity and
therefore lower kinetics of the IL-concentrated systems compared to the pure
water system. Finally, an unveiled trend can be observed for mixtures containing
5 wt. % [Pa4414][Cl] or more with the emergence of a small reduction peak close
to -0.5 V vs. Ag/AgCl (Figure IV.20-A, inset). This can be attributed to the
reduction of Co(II) to Co(I). ILs provide a better environment for the stabilization
of intermediate metal oxidation states compared to water. For example, the
presence of water was shown to significantly affect the voltammetric behaviour
of Co(Il) in the ethylammonium nitrate IL and the oxidation of Co(Il) to
Co(III).**

CV analysis at a scan rate of 0.01 V.s™ and 24 °C on a GC working electrode was
carried out in the four systems AcABS, ABS and ABS-AcABS (both undiluted
and diluted) after extraction from 0.1 mol.L™! Co(IT) solutions. The solution
compositions of the studied systems are listed in Table IV.6. The CV scans are
presented in Figure IV.21. Electrodeposition of Co(Il) was performed during
one hour on a GC electrode under agitation. The electrodes were qualitatively and
semi-quantitatively analysed via SEM-SE and SEM-ESD respectively. The
morphology and composition of the obtained deposits are presented in Figure

IV.22 and Table IV.7 respectively.
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Figure IV.21. CV of various systems after extraction of cobalt in an aqueous
solution containing 0.1 mol.L™" Co(II). Scanning rate: 0.01 V.s™'. Current densities
(J) are multiplied by 25 for the ABS, AcABS and ABS-AcABS.

Starting with the ABS system, first reported by Onghena et al.**

composed of
[P44414][ C1]-NaCl-H;0, a reduction peak (Co(II) to Co(0)) with an onset point at -
1.07 V vs. Ag/AgCl can be observed (Figure IV.21, orange line). This is in full
agreement with our previous result showing that E**¢, =-1.06 V vs. Ag/AgCl for
systems containing 10 wt. % or more [P44414][Cl]. After inducing a potential of
-2.00 V vs. Ag/AgCl to the solution, EDS analysis of the obtained deposit on the
GC electrode surface indicates a high purity cobalt deposit of 98.9 at.% (Table

IV.7).
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Figure 1V.22. SEM-SE images (magnification x 1000) of working electrodes after
1 hour of electrodeposition at -2.00 V vs. Ag/AgCl.

Elemental analysis (at.%)

Systems Co Cl P
ABS 98.9+123 1.1£0.5 -
AcABS 5274233 4474183 2.6+1.6
ABS-ACABS 9564125 69+63 05=0.1
ADTACABST 9564163 33+2 11406

Table IV.7. Elemental analysis of the electrodeposited deposits obtained in ABS,
AcABS and ABS-AcABS (undiluted and diluted) systems after extraction from
solution containing 0.1 mol.L™" Co(II).

No significant quantities of chloride or phosphonium are recorded. The
morphology of the obtained deposit is that of micrometer-scale dendrites,
characteristic of metallic cobalt in aqueous solutions.**

Despite the lack of visible Co(0) reduction peak in the [P44414]CI/HCI/H,O AcABS
(Figure IV.21, full blue line), small particles were identified on the GC electrode
after electrodeposition. This is a direct consequence of the large concentration of
acid after extraction in the top phase ([H30]" = 3.0£0.26 mol.L™"). In such an
acidic environment, cobalt particles can be leached back in the aqueous solution

after deposition. Two concomitant but opposing phenomena emerge: (i) the
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reduction of Co(II) at the negative overpotential and (ii) the oxidation of Co(0) due
to the HCl concentration. As a result, the particle seen in Figure 1V.22 and
analysed in Table IV.7 is composed of only 52.7 mol.% of cobalt and 44.7 mol.%

of chloride, characteristic of an ongoing leaching phenomenon.

To avoid leaching during the electrodeposition step, a mixed ABS-AcABS
system containing [P44414]Cl/NaCl/HCI/H,O is evaluated (composition provided
in Table 1V.6). This system was studied both in its undiluted and diluted form to
establish the impact of water and therefore Co(Il) complexation, on the quality of
the Co(0) deposits. In the CV of undiluted ABS-AcABS, EX*¢, appears at -1.12
V vs. Ag/AgCl (Figure IV.21, grey line), similar to that obtained in the ABS
system. The composition of the obtained deposit is 92 at. % of cobalt and only 7
at. % chloride. This represents a significant increase in the deposit purity
compared to that obtained in AcABS. The presence of CI is assigned to (i) the
presence of residual [P44414]Cl in the final deposit and (ii) to the small leaching
effect from the persistent presence of HC1 ([H;0]" = 0.35+0.04 mol.L™"). SEM-
SE analysis of the working electrode surface after deposition reveals its complete
coverage by a large layer of deposit (¢f. Figure 1V.22). The deposit presents a
sheet-like structure with no observable dendrites. This is probably due to the
etching of the deposit surface by the remaining HCI after oxidation of Co(0)
present in the dendritic structures of high surface area.

To gain a better understanding on the role of water in the studied system, the IL-
rich phase (top phase) of the mixed system ABS-AcABS was isolated after
extraction and diluted. The system was diluted through dropwise addition of water
until a shift in the solution colour from blue to light red was observed. The
addition of water enables the transition of Co(Il) deposition from an IL
environment to one where the IL is present as an additive in aqueous media.
Performing the deposition of Co(II) in aqueous media compared to IL increases the
kinetics of mass transport thereby raising the Faradic efficiency of the process. An
additional positive effect of dilution on the Faradic efficiency is the change in
Co(II) coordination from chlorocobalt complexes to Co(Il) hexahydrate.

Dilution of the system results in an upshift in the onset of the reduction peak to -
0.90 V vs. Ag/AgCl. The dilution influences the complexation of cobalt-chloride

complexes, thereby increasing in accordance with Nernst’s law. A deposit
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composed of large dendrites was visually observed, further confirmed by SEM-
SE (c¢f. Figure 1V.22). Elemental analysis of the deposit highlights a quasi-pure
material composed of 95.5 mol. % cobalt. In light of these results,
[P44414]ClI/NaClI/HCI/H,O mixture stands out as promising medium for the
recovery of metallic cobalt. The morphology and composition of the obtained
deposits can be altered by varying the NaCl to HCI ratio and water content,
resulting in highly tailored cobalt deposits. However, extraction results displayed
in Figure I1V.19 and Table IV.6 indicate that around 40 wt. % of Mn(II) can be
co-extracted with Co(II). The question of the selectivity of such a process,
starting from an aqueous solution containing a mixture of Co(II), Mn(II) and

Ni(II) thus arises.

Selective electrodeposition of Co(Il) from Ni(1l) and Mn(1l)

After extraction of a mixture of 0.1 mol.L™" of Co(II), Ni(II), Mn(II) from ABS
and ABS-AcABS systems (compositions provided in Table 1V.6)
chronoamperometry experiments at -2V vs Ag/AgCl were carried out to

selectively reduce cobalt to its metallic state. Results are given in Figure 1V.23.
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Figure 1V.23. Chronoamperometry experiments using a potential of -2.00 V
vs. Ag/AgCl for 1 hour. Current densities (J) are multiplied by 25 for ABS
and ABS-AcABS systems.
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Current densities for all experiments suffer from some oscillations as a result of
hydrogen evolution from the reduction of water and/or of [H30]". This is visually
confirmed during experiments by the formation of hydrogen bubbles at the
interface between the solution and the GC working electrode. Hydrogen can partly
cover the surface of the electrode, reduce its reactive area and thus the overall
current density. The current density slowly decreases with time during deposition
in all systems, characteristic of metallic deposition. The reduction of a conductive
material such as cobalt can increase the surface area of the electrode and thus the
current density in absolute value. This phenomenon is particularly pronounced in
the ABS-AcABS-diluted system where the current density is multiplied by a factor
of 8 in one hour. The lower viscosity and chloride complexation of this system are
beneficial for an efficient deposition of metals. Quantitative compositional
analysis of the deposits for the systems presented in Figure IV.23 and their

respective Faradic efficiencies are displayed in Table I'V.8.

Extraction Systems

ABS-AcABS-
diluted

Deposit
Composition ABS-AcABS ABS

Co(mg)  0.30£5x10° 0.29+5x107 7.2+0.1

Mn (mg) <5%x107 <5%107 <5%x107
Ni (mg) <5%x107 <5%107 <5%x107
Er (%) 28.9 31.6 59.7
Co
electroplated 0.91 0.82 2.51
(mol. %)

Table IV.8. ICP analysis performed for ABS, ABS-AcABS and ABS-AcABS
diluted systems. The composition of deposits and Faraday efficiencies (Ep) are
given for all systems.
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For all studied systems, no trace of manganese and nickel were recorded,
confirming that solely cobalt is reduced as a metallic species. This is to be
expected as Ni(Il) is not extracted to the IL-rich phase (c¢f. Table 1V.6), and
Mn(II) presents a reduction potential of -1.41 V vs. Ag/AgCl, lower than that of
Co(Il) (-0.5 V vs. Ag/AgCl).?'" In addition, Mn(II) is also likely to form
complexes with chloride anions present in the system, thereby further shifting its
reduction potential to lower values and avoiding any co-deposition of Mn(II) with
Co(II).

The efficiency of Co(Il) reduction is low in the undiluted ABS and ABS-AcABS
systems with a final deposit mass of 0.30 mg and 0.29 mg respectively. Faradic
efficiencies indicate that around 30 % of the electrons generated by the
potentiostat are used for the reduction of Co(II) to metallic Co(0) in these
systems. Inducing a potential of -2.00 V vs. Ag/AgCl results in an important
reduction of water and/or proton to hydrogen. The low energetic yields hinder the
industrial application for such processes.

Deposition yields are significantly improved after dilution, with close to twenty
fourfold increase in the deposit mass to 7.2 mg in the system ABS-AcABS-
diluted. This results in a twofold increase in the Faradic efficiency to a value of
59.7 %. The faradic yields reported here are reasonably satisfying and were
obtained without any optimization of the electrochemical process. At -2 V vs.
Ag/AgCl, water or [H;0]" present in the medium are expected to be reduced
significantly. Carrying out the experiments at a more positive potential would
most probably lead to better yields due to a less pronounced reduction or water or
[H;0]". Experiments carried out at -1.5 V vs. Ag/AgCl revealed that deposition
of Co(Il) was possible, whereas assigning a potential of -1 V vs. Ag/AgCl at the
GC electrode did not yield any reduction of Co(II). It is worth highlighting that
the electric charge is of 0.3 and 14 A.s for the undiluted and diluted ABS-AcABS
systems respectively. As a result, even if the Faradic yield is twice higher with
the ABS-AcABS-diluted, more electrons will be devoted to the reduction of
water in the latter system. However, the cobalt deposition kinetics is more than
24 times faster in the diluted systems which significantly improves results
obtained compared to pure ILs. After 1 hour of chronoamperometric
measurements, only 2.5 mol. % of cobalt ions were reduvced. This proves that

the bath did not suffer from any significant concentration depletion. Larger
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surface electrodes are required to recover the metal in an acceptable length of

time.

The crystalline structure of the deposits obtained at the end of the
chronoamperometry experiments were analysed by XRD analysis with the

spectra depicted in Figure 1V.24.
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Figure 1V.24. XRD diffractograms of deposits obtained after extraction of
metals from a mixed solution containing 0.1 mol.L™' Co(II), Ni(II) and
Mn(II) and electrodeposition at a potential of -2.00 V vs. Ag/AgCl during 1
hour.

NaCl crystals are highlighted in the ABS-AcABS and ABS systems. This is
not surprising as these two solutions contain an important initial NaCl
concentration (7.6 wt.%) to induce the formation of two phases. Near the
electrode, the deposition of cobalt in ABS-AcABS and ABS systems will
most likely release chloride anions from the metallic complexes and locally
saturate the solution in NaCl inducing the cristallisation of the latter salt. All
deposits are composed of metallic cobalt crystallized in a hexagonal close
packed lattice. However, there are differences in the crystallization of cobalt
in the ABS and ABS-ACABS compared to the ABS-AcABS-diluted system.
Focusing on the cobalt metallic peaks 2 (p,) and 3 (p3) at 44.6 and 47.5 °
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respectively, the ratio p, / ps differs from one system to another. These two
peaks correspond to the crystal orientation (111) and (101) respectively of
metallic cobalt.®** Concerning the ABS-AcABS-diluted system, p, presents a
higher intensity than p; resulting in a ratio of 1.51. The opposite phenomenon
is reported for ABS-AcABS and ABS systems leading to a ratio of 0.51 and
0.47 respectively. This phenomenon highlights a preferential (101)
crystalline orientation of metals electrodeposited in concentrated IL solutions
compared to diluted IL solutions. Such changes in the crystalline nature of
deposits due to the presence of IL was previously reported for the deposition
of copper in the presence of [Csmim][HSO4] as additive.*?®

The versatility of IL-based ABS and AcABS was recently highlighted for its
application in metal extraction'®®*?%“2%* but it is here shown that it can be
extended to the electrodeposition of metals. The hydrophilicity of the extracting
solution allows to tune and enhance the efficiency of the recovery of pure cobalt

and to modify the properties of the resulting deposits.

IV.3.5 Conclusion

A new family of extracting systems based on a water-soluble ionic liquid and an
inorganic acid is presented, namely AcABS. These systems form two immiscible
phases in presence of concentrations of acid, salt or both resulting in a AcABS,
ABS or mixed ABS-AcABS. Regarding [P44414][Cl] / HCI / H,O system, the latter
phenomenon occurs above a given threshold that increases with decreasing
temperature (5 wt. % HCl at 56 °C and 20 wt. % HCI at 24 °C). The lower phase is
largely depleted in ionic liquid, while the upper phase contains most of the ionic
liquid, as well as some acid/salt and water. A LCST-type behaviour was observed
for these systems with two mutually immiscible phases being formed by heating
monophasic aqueous solutions containing [P44414][Cl] and HCI or NaCl.

The results obtained are a proof of concept of the successful application of these
new AcABS to metal ion extraction processes. These systems display several
advantages over other extracting solvents. Unlike classical systems based on an
organic solvent and an extracting agent, [Pa414][ClI]/HCI/H,O exhibits a
thermotropic behaviour. This allows the mixing of the compounds to be done in a

homogeneous phase at a given temperature, while phase separation occurs by
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simply heating up the solution, avoiding kinetic limitations related to the mass
transport between two-immiscible systems. Moreover, this type of system does not
require fluorinated anions as it is the case for most hydrophobic ionic liquids. This
represents a significant benefit both from environmental and economic points of
view. By varying the HCI concentration and the chloride source (either NaCl or
HCI), selective separation of Co(II) from Ni(II) was achieved whilst controlling
the partition of the various system constituents. The distribution of HCI was found
to have a profound influence on the subsequent electrodeposition of Co(Il). To
address this, a mixed ABS-AcABS extraction system was proposed which
combines the advantages of the AcABS and ABS systems. By varying the water
content of the [P44414]Cl-rich phase after extraction and separation of Co(Il) from
Ni(Il), high quality dendritic deposits of pure metallic cobalt were obtained in
presence of Mn(Il) impurities. Furthermore, ABS-AcABS systems can be tailored
to obtain metal deposits with varied properties. The results presented in this work
demonstrate the applicability of AcABS for a ‘one-pot’ approach for the sequential

leaching, solvent extraction and electrodeposition of metals.
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IV.4 Separation of transition metals from

spent NIMH batteries

IV.4.1 Introduction

In Chapter II, a quantitative separation of rare earth elements from transition
metals is reported. A REE sodium sulphate precipitate is obtained while all
transition metals remain in an aqueous solution. The latter solution is composed of
91 mg Fe, 378 mg Ni, 94 mg Co and 12 mg Mn in 100 mL of aqueous solution
containing sulfuric acid (pH = 1.7) after treatment of 1 g of black mass. Even if the
sulphate media was identified as an optimal solution, some leaching experiments
using hydrochloric acid and/or [P44414][Cl] were also conducted in Chapter II,
leading to an aqueous solution containing in some specific conditions similar
amounts of transition metals. Nevertheless, this leachate is mixed with La, Nd, Ce
and Pr as no selective precipitation can be conducted in hydrochloric media.

Starting from both leachates solution using H,SO4 or HCI obtained in Chapter II
and based on the previous extraction results using AcABS in Chapter 1V, this part

will be devoted to the separation of transition metals from spent NiMH batteries.

IV.4.2 Inducing an AcABS from leachate solutions: A versatile

process

a. Experimental part

Biphasic formation from various leachates

Starting from leachates obtained at 6, 8 and 10 mol.L"' HCI (practical details,
leaching yields and leachate compositions are detailed in part I1.3.2, Figure
I1.15), 5 g of [P44414][Cl] were added to 10 mL of aqueous solution. A biphasic
system was formed at 50 °C. After 3 hours of demixing, the aqueous phase was

analysed by ICP to determine the extraction yield of all metals.
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A similar procedure was applied to the leachate at 2 mol.L™' H,SO, after
precipitation of rare earth elements at pH 1.7. Various amounts of NaCl (1, 2 and 3
mol.L™") were added to the aqueous solution in order to (i) induce a biphasic
system and (i) form cobalt complexes with chlorides to enhance metallic
extraction.

More information regarding this solution is provided in Chapter II, leaching
yields and leachate composition are given in part 11.3.2 / Figure II.15 while
precipitation data and metal compositions are shown in part I1.3.3 / Table I1.10.
For clarity reasons, the composition in metals of leachate using 8 mol.L™' HCI and
2 mol.L! H,SOy after precipitation of rare earth elements at pH 1.7 are given in the

following table.

HCISMpH<1 H,S0,2 M pH 1.7
Elements ) )
(mg of BM in 25 mL) (mg of BM in 100 mL)
Fe 85.0=+1.2 88.2+1.2
Ni 3524+1.2 371.8 1.2
Co 51.7+1.2 934+1.2
Mn 13.7+1.2 11.2+1.2
La 19.4+0.3 <0.3
Ce 14.8+0.3 <0.3
Nd 53+0.3 <0.3
Pr 1.6+0.3 <0.3

Table IV.9. Reminder of aqueous solutions compositions after leaching using 8
mol.L™" HCI and leaching using H,SO, followed by a precipitation step at a pH of 1.7.
Data are given for the treatment of 1 g of black mass.

Extraction systems previously detailed using [P44414][Cl], acid and sometimes NaCl

are depicted in Table IV.10.
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[Acid]; Vaq m [Pygq14][Cl]  [Pagand][Cl]  [Acid]

(mol.L")  (mL) 3 (Wt. %) (Wt.%)
6 10 5 31.25 7.2
HCl 8 10 5 30.67 17.1
10 10 5 30.12 21.5
[NaCll;  Vaq  m[Puad][Cl]  [Pauara][Cl] [Acid] [NaCl]
(mol.L)  (mL) 3 (Wt. %)  (Wt.%)  (wt. %)
H.SO 10 5 29.79 7.3 3.5
212\4 4 2 10 5 28.79 7.1 6.7
3 10 5 27.85 6.9 9.8

Table IV.10. AcABS and ABS-AcABS systems formed using [P44414][CI] / HC1 /
H20 and [P44414][Cl] / H,SO4 / NaCl / H,0 systems respectively.

Flow sheet for the separation of Co / Fe / Ni/ Mn

Using the leachate at 2 mol.L™! H,SO, after precipitation of rare earth elements at
pH 1.7, an extraction step, (denoted as extraction 1) using 27.8, 6.9 and 9.8 wt. %
IL, acid and sodium chloride respectively was performed. After 3 hours of
demixion, the top IL-rich phase was isolated from the bottom acid-rich phase. (i)
In the IL-rich phase 1 mL H,SO4 4 mol.L™' per 3 mL of IL-rich phase at 25 °C was
added. A biphasic system was observed, this step will be denoted as extraction 2.
(i1)) In the acid-rich 1 phase, electrowinning of nickel was performed using
chronoamperometry techniques at — 0.5 V vs. Ag/AgCl during 2 min 30 seconds. A
three-electrode system was used consisting of a copper rotating working electrode
(3 mm diameter), a platinum counter electrode and a silver chloride (Ag/AgCl)
reference electrode. The rotating speed of the WE was set to 2000 rpm.

Both phases before and after extraction 1 and 2 were analysed by AAS. Images and
semi quantification of the metallic deposit are provided thanks to SEM and EDS
analysis respectively.

The previous modus operandi can be summarized by the following flowsheet in

Figure IV.27.
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b. Results and discussion:

Leachate using HCI

According to results provided in Chapter II, NiMH spent batteries can be treated
by hydrochloric acid leading to a leaching yield close to 90 wt. % using 8 mol.L™'
HCI. A hydrophilic ionic liquid, namely [Pa4414][CI] can straightforwardly be
added to the leachate to induce in some particular conditions a biphasic system
simultaneously oxidizing and extracting metals. Extraction yields for leachates
using 6, 8 and 10 mol.L™" are reported in Figure IV.25 for all transition metals.
REE are not represented as the extraction yield of all lanthanides studied was
under 0.05 %.

In full accordance with the results obtained previously for the [P44414][Cl] / HCIL /
H,O system, iron is quantitatively extracted whatever the concentration of
hydrochloric acid due to its high complexation constant.”>® Less than 43 % of
cobalt is extracted at 6 mol.L™' (7.2 wt. % acid). Similarly to what was observed in
part IV.3.3 of this chapter, Co(Il) can be fully extracted (98.6 %) when the HCI
concentration is 21 wt. % (10 mol.L™"). Not surprisingly nickel is never loaded to
the IL-rich phase in those conditions. Manganese is partly extracted in this HCI
range with a %E increasing with the acidic concentration reaching a value of 40 %
at 10 mol.L™. In the latter conditions, cobalt and iron can thus be isolated from
nickel, lanthanum, neodymium and praseodymium. Both phases will be however

containing manganese.
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Figure IV.25. Extraction yields of iron, cobalt, manganese and nickel for leachates
using 6, 8 and 10 mol.L"" HCI after addition of approximatively 30 wt. % of
[P444]4] [Cl] at 50 °C.
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Leachate using H>SO,

Sulfuric acid was identified in this work as the most suitable acid to perform a
leaching step as (i) it is less corrosive and explosive than hydrochloric and nitric
acid respectively (ii) it allows the recycler to perform a precipitation step by
increasing the pH which selectively isolates transition metals from REE. In order
to separate the four remaining TM, [P4414][Cl] and NaCl can be added to the
system forming a mixed ABS-AcABS. Extraction yields of iron, nickel, cobalt and
manganese are reported in Figure IV.26 function of the initial concentration of
sodium chloride in the aqueous solution.
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Figure IV.26. Extraction yields of iron, cobalt, manganese and nickel for leachates
using 2 mol.L"' H,SOy after a precipitation step at pH 1.7. 1, 2 or 3 mol.L™' NaCl
was added to the solution before extraction with approximatively 30 wt. % of
[P44414][CI] at 50 °C.

While iron(IIl) is again fully loaded to the IL-rich phase, and nickel is never
extracted, cobalt and nickel show increasing extraction yields with the NaCl
concentration. Interestingly, when the ABS-AcABS presents low concentrations of
chlorides, namely 3.5, 6.7 and 9.8 wt. % NaCl, extraction yields remain high
leading to values of 54.9, 79.9 and 99.8 wt. %. It is worth noticing that cobalt is
more diluted in this solution than in the HCI leachate. Co(Il) concentration range
from 944 to 2068 ppm respectively because of the additional precipitation step.
Diluting the metal will thus allow the ratio [C17]/[Co(II)] to be higher and enhance
the formation of CoCl;” complexes. Inducing an ABS-AcABS using 3 mol.L™' NaCl
in the aqueous phase, leads to a mixture composed of 27.9 wt. % [P44414][Cl], 6.9

wt. % H,SO4 and 9.8 wt. % NaCl is an interesting option in the process of
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separation of transition metals from spent NiMH batteries as two metals, iron and
cobalt are fully separated from nickel even if manganese is distributed in both
phases. The latter statement is reinforced by the fact that cobalt and nickel are
often mixed together in alloys® and ores* and are challenging to separate one
from another because of similar chemical properties.**'**** Starting from the
latter extraction system, a flow sheet is proposed to reach an efficient separation of

those four transition metals.

Flow sheet for the separation of TM from spent NiMH batteries

The flow sheet for the separation of cobalt, iron, nickel and manganese by ABS-
AcABS is proposed in Figure IV.27. Composition of each phases after extraction
is given in Table IV.11.

Leachate 2 mol.L?
pH 1.7 H,S0, 4 mol.L* (3 mL)

[Paaa14l[C1] (5 g)
NaCl (1.8 g)

IL-rich phase 2

| Acid-rich phase 1

156

Electrodeposition
25°C

Figure IV.27. Flow sheet for the separation of transition metals from spent NiIMH
batteries by ABS-AcABS.
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Metal concentration (mg.g*) of BM

extraction 1 extraction 2
Initial IL-rich Acid-rich IL-rich Acid-rich
solution phase 1 phase 1 phase 2 phase 2
Fe 88.2 88.3+0.5 <0.5 87.1+0.5 <0.5
Co 93.4 92.5+0.5 <0.5 9.2+0.5 83.7+0.5
Mn 11.2 6.5+0.5 46+0.5 <0.5 3.7+0.5
Ni 371.8 <0.5 370.1+£5.0 <0.5 <0.5

Table IV.11. Concentration of Fe, Co, Mn and Ni in both IL and Acid-rich phases
during extraction 1 and 2 by ABS-AcABS.

Extraction 1 is carried out with an AcABS [P44414][Cl] / H,SO4 / NaCl / H,O
system at 50 °C. Such an AcABS is formed due to the salting out effect of sulfuric
acid and sodium chloride shown in part IV.3.2 of this chapter. The bottom phase
is green because of the presence of nickel, not extracted at all in the IL-rich phase.
The top, ionic liquid-rich phase also exhibits a green color due to the co-extraction
of yellow FeCl* and blue CoCI’ / CoCl* complexes (cf. Figure IV.27). This is
confirmed by results in Table IV.11 showing that cobalt and iron are
quantitatively separated from nickel and are present in the IL-rich phase. The latter
phase can be isolated from the bottom one and after addition of sulfuric acid (4
mol.L™"). In that case, another biphasic solution is induced, so-called extraction 2.
This is not a surprising result as we previously bring the proof (see part 1V.3.2)
that 2 mol.kg™ of H,SOy is enough to induce an AcABS for low concentrations of
[P44414][CI] (under 0.05 mol.kg'l). The resulting biphasic solution presented in
Figure IV.27 is composed of a yellow top phase and a red bottom one. Information
gathered in Table IV.11 reports that Fe(IIl) is fully extracted towards the IL-rich
phase compared to only 10 %. The bottom phase is thus composed of 83.7 and 3.7
mg per gram of black mass with concentrations of iron and nickel beyond the
detection limits. This separation of iron from cobalt derives from the poor chloride
content of the mixture during extraction 2, unable to fully extract cobalt but
presenting a sufficient Fe(II)/CI ratio to quantitatively complex iron in FeCl* and
extract it by an ion exchange mechanism towards the IL rich phase. Cobalt can
thus be reduced from an aqueous solution containing manganese according to the

process developed in part I'V.3.3 in order to recover a pure Co(0).
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Similarly, acid rich phase 1 containing solely nickel (98.7 wt. %) and manganese
(1.23 wt. %) can be treated in order to recover pure nickel. The deposition of pure
nickel or Ni/Mn alloys in an aqueous solution has been widely performed in the
literature®’326-32%

potential are separated by 0.935 V. (E° Ni*" = -0.47 V vs. Ag/AgCl ; E* Mn*" =

and is not a major challenge in this process as their reduction

-1.185 V vs. Ag/AgCl).*'" Chronoamperometry curve observed after applying -0.5
V vs. Ag/AgCl during 160 seconds is reported in Figure 1V.28.
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Figure IV.28. Chronoamperometry measurements, the potential applied is of -0.5
V vs. Ag/AgCl during 160 seconds in the IL-rich phase.

The low current densities observed during chronoamperometry measurements
justify the short times needed to induce the reduction of nickel. It is worth noticing
that, thanks to the precipitation step, carried out previously, the pH has been
increased to a value of 1.7. This hinders the reduction of proton leading to a more
favorable electrodeposition of Ni. Furthermore, sodium chloride, used as a salting
out agent brings Cl ions to the bath, increasing the conductivity of the aqueous
media. For this reason, 10 g.L"' of NaCl are added to the WATTS bath used for
industrial nickel electroplating.329 It is worth noticing that H;BOs can be used as a

pH buffer in the range 1.5 — 2.5.%%

Because the pH of our solution was of 1.7,
boric acid wasn’t necessary in this case.

After 160 seconds of chronoamperometric measurements at -0.5 V vs. Ag/AgCl,
the copper electrode was analysed by SEM, SE and EDS, results are shown in

Figure I'V.29 and Table IV.12.
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Figure 1V.29. SEM analysis of the deposit obtained on a copper electrode after
electroplating nickel at -0.5 V vs. Ag/AgCl during 160 sec A: SE image
(magnification x 1000). B: SE image (magnification x 5000).

Composition
Elements
(atom. %)
Ni 99.2+0.2
Mn 02=+0.1
Co -
Fe -
REE -

Table IV.12. Elemental analysis of the deposit obtained on a copper electrode after
electroplating nickel at -0.5 V vs. Ag/AgCl during 160 sec. Transition metals,
except from copper are considered.

According to SEM analysis, the copper electrode is completely recovered with
nickel after 2 min 30 sec electroplating. A fine-grained structure is observed,
characteristic of metallic nickel.*****® The metal obtained is composed of a ratio
Ni:Mn of 99.2:0.2 which can be considered as a satisfying purity for Ni recovered

from a recycling process using spent NiMH batteries.

IV.4.3 Conclusion

Starting from a solution of transition metals obtained from spent NiMH batteries,
and relying on the results obtained on the separation of nickel, cobalt and
manganese by AcABS, a flow sheet is proposed to recover pure strategic transition

metals.
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A Dbiphasic solution can be induced by leaching a spent NiMH battery by
hydrochloric or sulfuric acid. [P44414][Cl] can straightforwardly be mixed to the
leachate using 2 mol.L! H,SO,4 at pH 1.7 after addition of 3 mol.L"! NaCl. Sodium
chloride will both act as a salting out and a complexing agent. In those conditions,
a biphasic solution is formed allowing a quantitative separation of iron(IIl) and
cobalt(Il) from nickel(I). Manganese is distributed between the both phases. The
tuneability of AcABS is reported as sulfuric acid can be used to induce a
supplementary biphasic solution isolating Fe(III) from Co(II) and Mn(II). Finally,
cobalt and nickel mixtures containing manganese impurities can be purified by
electrodeposition as their reduction potential is differentiated my more than 0.9
V.2 As a proof of concept, nickel from real spent NiMH batteries was

electroplated on a copper electrode and exhibited a metallic purity of 99.2 at. %.

Nickel was found to represent more than 65 wt. % of the active material of nickel
metal hydride batteries.?' Scaling up this result to a HEV battery, such as the one
found in the Toyota Prius car, up to 5 kg of nickel could be recovered for each
battery by the process developed in this work. The price of nickel is currently of
(data from July 2018) 14.9 USD.kg"'. Furthermore, considering that 700 Million
hydride cars are currently produced in the world each year, we can infer that
approximatively 84000 tons of nickel could be recycled when the batteries will
reach their end-of life. This data cannot be neglected as it represents 29 wt. % of

the world nickel production.
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IV.5 Conclusion

The main objective of this part was to carry fundamental and applied
investigations on the development of novel extracting technologies for the
separation of transition metals found in NiMH batteries, i.e. nickel, cobalt, iron
and manganese. A particular attention was devoted to cobalt, presenting the higher
critical level among the transition metals and nickel highly concentrated (over 65
wt. %) in NiMH black mass. Results can be highlighted as follows:

Cobalt complexation by dicyanamide in H,;O and in an IL

(1) In water, only one dicyanamide ion (DCA") is able to complex Co™".
When the ratio R = DCA/Co is of 100, 90 molar percent of the latter
complex is formed leading in a complexation constant of 20.5.

(i1) In an ionic liquid, the complexation is drastically different as R = 1
leads to the complexation of more than 80 mol. % of Co(Il) by
dicyanamide. From a ratio DCA/Co in the range 10 to 500, cobalt is
mainly complexed by three [DCA]. However, an unveiled
compound appears using high excess of ligand as four [DCA]" were
reported to complex 90 mol. % of cobalt for R = 2000.

(111) Finally, a correlation between the predominance of various
complexes and distribution ratios after liquid-liquid extraction of
cobalt from an aqueous phase towards an ionic liquid is reported.

Fundamentals of the first ionic liquid-based AcABS

(1) An aqueous biphasic solution can be induced by a fully miscible ionic

liquid in water such as [P44414][Cl] mixed with an acid. The inorganic
salt, used as a salting out agent in classical ABS is in this work replaced
by H2SO4, HCI or HNOs.

(i1)  We report the first deviation of the Hofmeister series. The ability of

inorganic acids to induce a biphasic solution follows the series HNO3 >
H,SO;3; > H,SO4 > HC1 > H3POy4. This can be explained by the speciation

of acids and the ion exchange mechanism.
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(iif)

(iv)

A strong thermomorphic behaviour is observed in the [P4414][C1] / HCI1
/ H,O system, a mixture using 30 wt. % IL and 15 wt. % acid is shown
to be monophasic at 24 °C but forms two phases at 50 °C.

Mixed ABS-AcABS systems using [P44414][Cl] / HCI-NaCl / H,O allows
to decrease the concentration of acid needed to induce a biphasic

solution by adding sodium chloride as a salting out agent.

lonic-liquid based AcABS for metal extraction and recovery

()

(ii)

(iii)

Focusing on the [P4414][Cl] / HC1 / H,O AcABS using 30 wt. % IL and
25 wt. % HCI, Fe(IIl) and Co(Il) can quantitatively be loaded towards
the IL-rich phase while nickel remains in the acid-rich phase.
Manganese is always distributed between both phases with a distribution
ratio increasing with the HCI concentration.

As a proof of concept, cobalt and nickel, two metals often mixed
together in natural ores and industrial alloys were isolated with a
separation factor over 400 by 30 wt. % [P44414][Cl1] and 25 wt. % HCI in
an aqueous solution at 50 °C.

Starting from a mixture of Ni(Il), Mn(II) and Co(Il), cobalt was
extracted by a mixed ABS-AcABS system and recovered by
electroplating from the IL-rich phase. Ranging on the concentration of
acid and water, significative differences in the metallic appearance and
crystallography is reported. This strengthens the tuneability aspect of

AcABS, for metal extraction but also for metal electrodeposition.

Separation of transition metal from spent NiMH batteries

()

(ii)

(iif)

The formation of a biphasic solution can be induced by
straightforwardly adding [P44414][Cl] to leachates using hydrochloric or
sulfuric acid providing a simultaneous leaching/extraction of metals
from spent NiMH batteries.

Starting from the leachate using 2 mol.L"' H,SOy after precipitation of
REE at pH 1.7, the ionic liquid (30 wt. %) and NaCl (9.8 wt. %) are
added to the aqueous solution. As a result, Ni(Il) is isolated from Co(II)
and Fe(I11).

Based on previous results, a flow sheet for the separation of all TM and

the recovery of nickel (99.2 at. %) by electrodeposition is reported.
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This work can be integrated in the recycling process of metals from spent NiIMH

batteries and is summarized in Figure I1V.30.
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Figure 1V.30. Flowsheet corresponding to the separation of cobalt, nickel,

manganese and iron.
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Conclusion and Perspectives

“From the strategies established...”

To fit economic and environmental requirements linked to the criticality of metals,
recycling of devices producing or storing energy has been identified as a driving
force. This work is thus focusing on the recovery of transition metals and rare
earth elements from NiMH batteries. Based on the expertise of the recycling
company Recupyl®, spent batteries were mechanically treated in an industrial scale
to obtain a concentrated fraction of strategic metals, namely, the black mass (BM).
This material was fully characterized by microscopic and spectroscopic techniques
to identify the nature and composition of the BM. While toxic and flammable
solvents are commercially used to perform efficient extractions of metals, this
project aimed the development of greener process through the use of ionic liquids
(ILs). A panel of hydrometallurgical and electrochemical strategies were

investigated during this work and can be summarized as follows:

) Leaching and selective precipitation

Sulfuric acid is an excellent candidate for the leaching of the black mass as more
than 85 wt. % of the material can be oxidised and dissolved in the leachate using 2
mol.L™ acid at room temperature. The remaining solid phase is composed of
plastics, carbon and passivated nickel. Increasing the pH by addition of sodium
carbonate until reaching a value of 2 allows the rare earth elements to
quantitatively precipitate as sodium sulphate salts (NaLn(SOy),). All transition

metals remain in the leachate.

(i)  Liquid-liquid extraction

Hydrophobic ionic liquids are known to act both as a solvent and an extractant
during liquid-liquid extraction processes. This strategy is proposed for the
separation of cerium(lV) from lanthanum(lll), neodymium(lll) and
praseodymium(IV) in an aqueous phase containing 4 mol.L™* HNO; after oxidation

of cerium(Ill) in a basic heterogeneous media. The IL showing the highest
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separation factors (B) of cerium towards lanthanides is the 1-methyl-1-butyl-

pyrrolidinium bis(trifluoromethylsulfonyl)imide, [C1C4Pyrr][NTf,] (ﬁfﬁg}g >

1000). Based on the extraction of cobalt by NTf,-based ILs in a dicyanamide
(DCA) media, fundamentals aspects of liquid-liquid extraction was studied and
correlated with the speciation of Co-DCA complexes formed in the aqueous phase,
but also in the ionic liquid. Dicyanamide is reported to be a strong complexing
agent of cobalt in NTf,-based ILs but a weak one in water leading in calculated
complexation constants K; of 1.73x10° and 2.05x10" respectively. The formation
of CoDCA" complex in water is nevertheless mandatory to induce the extraction
towards the IL phase and is predominant for DCA/Co ratios higher than 100.

(iti)  Acidic aqueous biphasic systems (AcCABS)

For the first time, we report the ability of a fully soluble ionic liquid in water,
namely trihexyltetradecyl phosphonium chloride, [P44414][Cl] to form a biphasic
solution ranging on the concentration of inorganic acid and on the temperature. As
an example, using 0.5 moles of IL per kg of solution, 5.1, 2.2, and 0.34 mol.kg™ of
HCI, H,SO, and HNO3 respectively are required to induce a phase separation. Both
biphasic and monophasic domain were explored and characterised to apply those
systems to metal extraction. Ranging on the complexation of the metal by the
inorganic acid, metals are shown to be extracted to the top phase defined as the IL-
rich phase. Furthermore, the difficult separation of cobalt(ll) from nickel(1l) is
achieved with a separation factor of 420 at 50 °C using 30 wt. % of IL and 25 wit.

% of HCI. A simultaneous leaching/extraction step can thus be considered.

(iv)  Electrodeposition

Starting from a metal loaded in a hydrophobic IL or in a hydrophilic IL-rich phase
after extraction, electrodeposition of cerium or cobalt respectively was shown to be
an encouraging strategy for metal recovery. Metallic cerium was reduced on a gold
electrode after performing chronoamperometry at -2 V vs. Fc/Fc*. Nevertheless,
evidence of sulfur and fluorine elements coming from the IL anion strongly
decreases the purity of the obtained metal. On the contrary, cobalt(Il) was reduced
in an ACABS with high purity rates. Another proof of the tuneability of ACABS is
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reported as different crystallographic and morphologic structures of Co(0) are
found depending on the concentrations of [P44414][Cl] and water.

According to those results, and in agreements with the specifications from this
project, a flowsheet for the recycling of metals from spent NiMH batteries is
proposed in Figure V.1.
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Figure V.1. Flowsheet for the recycling of metals from NiMH batteries.
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“...to the prospects opened.”

Q)] Oxidation of cerium(lIl)

Oxidation step of Ce(lll) sulphate in Ce(IV) hydroxide is the less efficient step
among the Ce recovery as approximatively 88 mol. % of the latter REE is
oxidized. This result can be attributed to the heterogeneous, solid/liquid reaction
but also to the passivation of a thin surface layer of cerium hydroxide.
Furthermore, a large amount of chemicals are used as oxidation takes place in
alkaline media while liquid-liquid extraction using [C1C4Pyrr][NTf,] takes place in
a nitric acid aqueous solution. According to the potential-pH diagram of

237250 \ve report the ability of Ce(ll1) to be oxidised by oxygen at alkaline

cerium,
pH. Such an oxidation is also possible at highly acidic pH(< 0) using ozone.

After dissolution of Ce;(S0O4)3 0.02 mol.L ™ in 4 mol.L™* HNO3, an ozone generator
connected to a pump allowed a 100 mL solution to be in contact with ozone
bubbles at a flow rate of 2.6 mol.h™*. The flow rate was calculated thanks to the
titration of 1, by Na,S,03 after oxidation of KI. Snapshots of aliquot taken from

the solution are given in Figure 2.

<§ @ — @ — P ‘!‘E‘i = i‘i— 5" .%‘ '7 F'j
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Bubbling time (hours)

Figure V.2. Ce(l11) 0.02 mol.L™ in 4 mol.L™ HNO; after 10 hours bubbling of 2.6
mol.h™ O3,

The increasing yellow colouration with the bubbling time indicates that Ce(lll) is
able to be oxidized by ozone in Ce(IV) directly in nitric acid. This would allow a
direct liquid-liquid extraction starting from the latter solution. However the
oxidation vyields remains difficult to evaluate by classical analytical techniques
such as UV-vis spectrophotometry because of the similar absorption of NO3™ and
Ces" ions at wavelength lower than 400 nm.?** Nevertheless, oxidation in acidic

media by O3 appears to be an encouraging strategy and could be investigated.
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(i)  Life cycle assessment (LCA) for a better understanding of the process

In many parts of the process, different strategies are proposed e.g. oxidizing
cerium in alkaline or acidic media and recovering cerium by a precipitation or an
electrodeposition step. It is however difficult to define which solution is the most
favorable on an economic and environmental point of view. This can be
investigated by LCA analysis which is currently undergone by the G-scope
laboratory from Grenoble, France. Our collaboration is focusing on the recycling
of 1 kg of BM starting from mechanical treatments down to cerium recovery.
Preliminary results demonstrate that the recycling of the IL phase has tremendous
influence on all environmental impacts. However the difficulty to obtain reliable
information on the synthesis of bis(trifluoromethylsulfonyl)imide ILs in an
industrial scale provides important uncertainty in our results. Based on the
recycling process of metals from spent NiMH batteries, the potential and limitation
of ILs will be demonstrated in a forthcoming study. Based on published data, the
impact of the anion, the cation and waste is analysed. (Optimisation of the model is
currently investigated). Figure V.3 demonstrates that the anion containing sulphur
and fluorine atoms is the most impacting. This strengthens the use of hydrophilic

ILs based on chloride anions in ACABS for metal recycling.
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Figure V.3. Modelling the impact of the anion, the cation and waste during the
synthesis of [C1C4Pyrr][NTf;]. Method used: ILCD 2011 Midpoint + V1.05. Data
are provided by Florence Betmont from G-Scop laboratory.
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(ili)  Recovery of Pt and Co from proton exchange membrane fuel cells
(PEMFC)

Broadly speaking, innovative extraction systems developed in this project such as
acidic aqueous biphasic systems could be of particular interest for recycling
strategic metals from other spent devices. Furthermore, one of the major
advantages of AcCABS is to straightforwardly extract metals from highly acidic
leachates. In other words, those systems could perfectly fit to the recovery of metal
suffering from hydrolysis. This is the case of platinum contained in PEM fuel
cells. Within a PEMFC, two crucial parts are relevant to recycle: the proton
exchange membrane and the electrode material forming the Membrane Electrode
Assembly (MEA).** Platinum is a metal exhibiting one of the highest prices on
the market, typically above 20 k$.kg™ in march 2016.3*! Because of its price, the
limited availability of this metal in earth’s crust, the fact that such a metal is
currently used in many high end (telecommunications, aerospace) or everyday
applications (catalytic converters, jewellery, etc.) and that it can currently hardly
be substituted by other metals,®* finding alternative and sustainable ways of
recycling platinum is justified. Briefly, starting from a real spent MEA, the
material was treated with 200 mL of aqueous solution containing 3 vol.% H,0, in
HCI 12 mol.L™. The leaching step was carried out at 25 °C during 5 hours.
Concentrations of 1.2x107 and 4.8x10™ mol.L™* for platinum(1V) and cobalt(ll)
were respectively measured. Addition of 30 wt. % of [P44414][CI] allowed to
quantitatively extract 99.8 % of Pt(IV) and 85.2 % of Co(ll). Selective
precipitation of [Pas14]2[PtCls] occurred by addition of HCI 1 mol.L™ to the IL-
rich phase. The process in development can be summarized by Figure V.4.
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Figure V.4. Recycling process of platinum from spent PEMFC currently
developed.
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ANNEX

ANNEX 1: Analytical techniques

1-A: Scanning electron microscopy (SEM)

In SEM analysis, an electron beam is scanning the surface of a conductive material
leading to the emission of various particles such as secondary electrons (SE),
backscattered electrons (BSE) or even X-rays. While SE and BSE give topographic
and chemical information respectively on the sample, energy dispersive X-ray
spectroscopy (EDS) is used to perform a semi-quantification of elements present at

the surface of the material.

The SEM used in this work is a ZEISS® Ultra-55 FEG. The EDS detector is a
Bruker® AXS-30mm?. The acceleration voltage is close to 3 and 10 kV
respectively for imaging and semi-quantification. For experiments carried out in

part IV.3.4: the apparatus used is a Hitachi® S4100 microscope.

1-B: X-ray diffraction (XRD)

Based on the diffraction of X-rays on a crystalline material, angles and intensities
of the obtained signal can be analysed in order to obtain information on the

crystalline structure of a sample.

A Bruker® D8 Advance was used within angles 20 in the range 0 to 120 ° working
at 45 kV 40 mA. The XRD-commander software package was used to acquire data.
For experiments carried out in part IV.3.4: The crystal structure of the deposits
was determined by X-ray powder diffraction using a Bruker AXS; the resulting
spectra were analysed using the X 'pert Highscore Plus software package.

1-C: Inductively coupled plasma, optical emission spectroscopy (ICP-OES)

ICP-OES is an analytical technique used to determine the concentration of metals
in an aqueous solution. Briefly, after injecting the solution in a plasma at

approximatively 8000 K through a capillary, species are ionized and emit
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photons. The wavelength of the emitted photons is characteristic of the element
and can be analysed by an optical detector. The intensity of photons is directly
linked to the concentration of the element and can be determined by the

preparation of calibration curves.

A 720-ES (Varian®) ICP-OES apparatus was used. Unless specific information is
provided in the text, 3 kinds of standard solutions and 5 different concentrations

per solution were used and prepared as follows:

™ REE Nd
Metals with their 2';((22;2'66))' La(333.7),
corresponding Y Ce(446.0), Nd(406.1)
wavelengths (nm) Mn(260.6), Pr(417.9)
Fe(238.2)
Concentration 0.2, 5, 20, 0.2,5,10, 0.2,5,10,
(ppm) 50, 100 20,33 20, 40

Table A.1. Details for the preparation of ICP standard solution

The solvent used for the dilution of calibration curve was similar to the matrix of
the analysed samples. As an example, concentrations of La, Ce, Nd and Pr after
liquid-liquid extractions from a nitric acid solution towards [C1C4Pyrr][NTf,] in
part II1.2.3 were analysed by ICP after calibration of standard solution prepared in
HNOs;. Similarly, to analyse the concentration of metals in the leachates using
sulfuric or hydrochloric acid in part I1.3.2 calibration solutions were prepared in
H,SO4 and HCI respectively. The latter solutions were used as blanks before all

analysis.

1-D: UV-visible spectrophotometer

UV-visible analysis is a method used to identify and quantify the amount of
species absorbing photons in a wavelength range comprise between 200 and 800
nm. A light beam hits the sample at a precise wavelength. The ratio between the
incident and transmitted beam intensities allows us to measure absorbance. The
intensity and wavelength of absorbance gives us information on the concentration

and chemical nature of species respectively.
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UV-vis spectra were recorded using a Cary 50 (Varian®) spectrophotometer with a
1 cm wide quartz cell. All spectra given are measured versus a reference. In other
words, absorption of the measured spectra shown is the difference in absorption
between the raw spectrum and the reference spectrum. The nature of the reference

will always be given in the manuscript.

1-E: Karl Fischer (KF) titration

KF titration is a coulometric titration defining the concentration of water in a

solution by oxidation of sulfur dioxide by iodine in presence of water.
A Titroline® 7500 KF Trace was used for all measurements after calibration with a
1000 ppm water standard solution. The given data is the average of 3 consecutive

titrations.

1-F: Absorption atomic spectroscopy (AAS)

AAS can be used to analyse the concentration of transition metals in an aqueous
solution. The solution goes through an acetylene flame after being pumped in a
capillary. A detector analyse the wavelength and the intensity of absorption rays of
the solution characteristic of the nature and the concentration of metals in solution

respectively.

A PinAAcle 900F (Perkin Elmer®) was used for all measurments. Similarly to
what was done with ICP analysis, all standard curves and blanks were prepared in
an appropriate matrix. Unless specific information is provided in the text, all
transition metals, namely Ni, Co, Fe and Mn were prepared separately in 4 kinds of

solutions and 5 different concentrations as follows:

Metals Ni Co Mn Fe
wavelengths (nm) 341.5 240.7 279.5 248.3
Concentration 1.5, 20, 50, 75
(ppm)

Table A.2. Details for the preparation of AAS standard solutions
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ANNEX 2: Supplementary materials

2-A: '"H NMR of of [C,CsPYR][CsPO;H] in deuterated chloroform

Performed with a Bruker® Advance III, 400 MHz apparatus

2-B: Co-DCA mathematical treatment

According to the law of the conservation of mass, initial concentrations of metal
M? and ligand L° can be expressed as:

[Xo] + [X1] + [Xo] + [X3] + [X,] = M° (S1)
[L] + [X1] + 2[X5] + 3[X3] + 4[X,] = L° (82)
By combining equations (4), (S1) and (S2), M°, L° and K, can be related in
equation (S3):

AgLP + A LY+ A, L3+ A3 L2+ Ay L— As =0 (S3)

Where Ay, A, Az, A3, As and As are defined by the following equations:
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K, K, K5 K, = A,

K, K, Ks + Ky Ky K3 K,(4M° — 1°) = A,
K, K, +K, Ky K3 BM° — %) = 4,

K, +K, K, (2M° — L9 = A,

1+ K, (M°—1% = 4,

LOZ A5

(S4)
(S5)
(S6)
(S7)
(S8)

(89)

2-C: UV-vis spectrum of 1 mol.L’! DCA in water, water was used as reference

sample
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2-D: Differential scanning calorimetry curve after three scans of [P44414]1[CI] from

-90 °C to 110 °C with a speed of 10°C.min"t. The melting point corresponds to the

onset of the peak (38.5°C).




291 | Annex

2-E: UV-vis measurements of cobalt(ll) in an aqueous phase containing 8 mol.L™*
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Résumeé

Abstract

Les accumulateurs nickel-hydrure métallique (NiMH) dominent
actuellement le marché du stockage de 1’énergie pour les véhicules hybrides.
On estime a 1 milliard, le nombre de batteries NiMH produites chaque
année. En fin de vie, le taux de recyclage de ces déchets électroniques reste
faible, bien que la technologie NiMH contienne des quantités importantes de
métaux onéreux et stratégiques. Deux grandes familles d’éléments
chimiques coexistent sous forme de composés intermétalliques dans
I’électrode négative: les métaux de transitions (TM) (Ni, Co, Mn et Fe)
ainsi que les terres rares (REE) (La, Ce, Nd et Pr). Parmi les TM, le cobalt
présente une criticité accrue. En effet, les minerais issus de réserves
naturelles ne permettront pas de couvrir la demande croissante en cobalt lies
au développement des technologies émergentes. Les REE produits a plus de
97 % en Chine sont au cceur des préoccupations de 1’Union Européenne qui
depuis 2010 pointe du doigt des techniques d’extractions dévastatrices pour
I’environnement. C’est dans le but de répondre aux problématiques
économiques et environnementales que le projet a été construit en associant
I’entreprise de recyclage de batteries Recupyl® au laboratoire académique
LEPMI grace au financement du Labex CEMAM. L’objectif de ce travail
est de proposer un procédé avec un faible impact environnemental pour le
recyclage des métaux a partir de véritables accumulateurs NiMH. Pour cela,
le remplacement de solvants volatiles organiques par des liquides ioniques,
plus respectueux des principes de la ‘chimie verte’ sera étudi¢. En
s’appuyant sur des procédés innovants d’extraction liquide-liquide et de
récupération des éléments par hydrométallurgie et par électrochimie nous
proposons une voie de valorisation des métaux présents dans ces batteries.

Mots clés: accumulateur NiMH, recyclage, liquide ionique,
hydrométallurgie, extraction liquide-liquide, électrochimie.

Nickel-metal hydride (NiMH) batteries are currently dominating the market
of energy storage in hybrid electric vehicles. 1 billion cells are estimated to
be produced each year. In their end-of-life, these electronical wastes exhibit
low recycling rates, despite the fact that NiMH batteries contain high
amounts of valuable and strategic metals. Two main metal families coexist
as an intermetallic compound in negative electrodes: transition metals (TM)
(Ni, Co, Mn and Fe) and rare earth elements (REE) (La, Ce, Nd and Pr).
Among TM, cobalt exhibits the highest criticality rate. Indeed, natural ores
will not cover the increasing cobalt demand linked to emerging
technologies. REE produced at more than 97 % in China are at the centre of
European Union’s preoccupations. To tackle economic and environmental
issues, this project was proposed by associating the company Recupyl® and
the academic laboratory LEPMI and is supported by the labex CEMAM. It
aims at investigating on low environmental impact routes for the recycling
of metals present in real spent NiMH batteries. This requires the
replacement of volatile organic compounds by ionic liquids, respecting the
principles of ‘green chemistry’. Based on innovative extraction and recovery
processes of elements by hydrometallurgy and electrochemistry, we propose
a flowsheet for the valorisation of metals from those batteries.

Key words: NiMH batteries, recycling, ionic liquid, hydrometallurgy, liquid-
liquid extraction, electrochemistry.




