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Increasing demand and use of lithium-ion batteries (LIBs) brings on challenges in efficient
waste management and the scarcity of needed materials. Manganese has been used as an
alternative for other, more expensive and scarce active materials in the battery cathode. As
an alternative, it helps buffer fluctuations in the market of other active materials. Since the
supply of metals is often concentrated in certain countries, manganese can also help lower
the risk of supply issues arising from geopolitical issues. As the recycling process of used
electronics is rarely, if ever, focused on obtaining every significant material in high purity
and yield, manganese recovery may be overshadowed by its more expensive counterparts in
the LIB recycling process.

The focus of this thesis is the hydrometallurgical pathway of manganese recovery from LIB
waste, specifically solvent extraction from pregnant leach solutions (PLS). In the literature
part of the Thesis, LIB recycling was discussed in detail and hydrometallurgical pathways
of metal recovery were comparably reviewed. The aim of the experimental part of the thesis
was to find conditions for recovering battery grade manganese via solvent extraction from
sulfate media NMC leachates. Conditions for the removal of impurities, the following
manganese extraction and scrubbing of the Mn-loaded solvent were studied. Preliminary
process design was done based on equilibrium measurements and suitable solvent extraction
design methods. Counter-current continuous experiment was conducted for the manganese
loading stage for data validation.

Based on the results, 99.98 % cationic purity was achieved for the manganese coming out of
the scrubbing stage with the used conditions. It was deemed best to extract iron, aluminium,
copper and magnesium before manganese, with copper as its own step. Manganese sulfate
solution (20 g/1) was deemed most suitable for the scrubbing step of the process based on
the resulting purity and yield.
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Kasvava littumioniakkujen kayttd ja kysyntd tuo esiin haasteita jétteen kasittelyn
tehokkuudessa sekd tarvittavien materiaalien niukkuudessa. Mangaania on hyddynnetty
vaihtoehtoisena materiaalina kalliimmille ja harvinaisimmelle metalleille akkujen
katodeissa. Niin kéytettynd se auttaa puskuroimaan muiden aktiivimateriaalien
markkinoiden vaihteluita. Koska tarvittavien metallien tarjonta on usein keskittynyt
yksittdisiin maihin, mangaanin kaytto lievittdd myds toimitusketjujen riskeji, joita saattaa
nousta geopoliittisissa ongelmissa. Koska elektroniikkajitteen kierrdtysprosessit keskittyvét
harvoin, jos koskaan, kaikkien saatavilla olevien materiaalien kierratykseen puhtaana ja
korkealla saannolla, mangaanin kierrétys saattaa jaada arvokkaampien ja harvinaisempien
materiaalien varjoon.

Tdmd diplomityd keskittyi mangaanin hydrometallurgiseen kierrdtysprosessiin
litiumioniakkujétteestd, erityisesti sen neste—nesteuuttoon metallirikkaista liuotusliuoksista.
Diplomityén  kirjallisuusosassa  litiumioniakkujen  kierrdtysprosessia  tarkasteltiin
yksityiskohtaisesti ja sen hydrometallurgisia keinoja esiteltiin vertaillen. Kokeellisen osan
tavoitteena oli selvittdd sopivia olosuhteita akkulaatuisen mangaanin talteenottoon neste—
nesteuutolla  sulfaattipohjaisista NMC livotusliuoksista.  Kokeellisesti  tutkittiin
epdpuhtauksien erotusta, sen jélkeistd mangaanin uuttoa sekd mangaanilla ladatun
orgaanisen faasin skrubbausta. Tulosten validoimiseksi tehtiin jatkuvatoiminen
vastavirtauuttokoe latausvaiheelle. Tasapainomittausten ja sopivien
prosessisuunnittelumenetelmien avulla tehtiin alustavaa prosessisuunnittelua.

Kokeellisessa osassa saavutettiin 99,98 % kationinen puhtaus pesuvaiheen jilkeiselle
mangaanille. Raudan, alumiinin, kuparin ja magnesiumin erotus ennen mangaanin uuttoa
todettiin  hyodylliseksi, kupari omana vaiheenaan. Tulosten perusteella, 20 g/l
mangaanisulfaattilivos todettiin tehokkaimmaksi pesuliuokseksi tutkituista vaihtoehdoista.



ACKNOWLEDGEMENTS

This thesis was completed at LUT University Department of Separation Science as part of
the BATCircle3.0 project. Thank you, Docent Sami Virolainen and D.Sc. Niklas Jantunen,
for giving me the opportunity to work on this interesting topic, and for your expert
guidance. Your support, insight, and feedback have been greatly appreciated. I would also
like to thank everyone who have been helping through the practicalities of analyses and
other parts of the experimental work. Thank you to Business Finland, for financial support

(grant no. 2878/31/2024), it is gratefully acknowledged.

I would like to thank my friends for your support, distractions, and company. Thank you
for the late nights and early mornings, every moment and memory that have made these
years great. Thank you to my family for your endless support, love and encouragement,
especially to my parents, for teaching me the value of education. Finally, thank you Pinja
for your love and support. Thank you for pushing me on during these years and tolerating

my whining when things have been tough.

Noniin.

Mikko Kohvakka

Lappeenranta 12.12.2025



SYMBOLS AND ABBREVIATIONS

Roman characters

¢ [-] concentration

D distribution coefficient

E percent of extraction

M molar mass

n molar flowrate

0 flowrate

S selectivity between metals species
V volume

X percent of recycling

n integer

Greek characters

T residence time
Subscripts

aq aqueous phase
in inflow

M metal species
org organic phase
out outflow

SS scrubbing solution

mol/l, g/l, mg/l

%
g/mol
mol/s

m3/h, Us

%

min



1 loading stage

2 scrubbing stage

3 stripping stage

Abbreviations

A/O Volumetric aqueous to organic phase ratio

D2EHPA  Di-(2-ethylhexyl)phosphoric acid

LCIA Life-cycle impact assessment

LCO Lithium cobalt oxide (LiCoO>)

LFP Lithium iron phosphate (LiFePOs)

LIB Lithium-ion battery

LMO Lithium manganese oxide (LiMn204)

LOQ Limit of quantification

LO1 Loaded organic solution 1

LO2 Loaded organic solution 2

NMC Lithium nickel manganese cobalt oxide (Li(NixMnyCoi-x-y)O2)
O/A Volumetric organic to aqueous phase ratio
PLS Pregnant leach solution

PTFE Polytetrafluoroethylene

PVDF Polyvinylidene fluoride

S/L Solid to liquid ratio

SX Solvent extraction (liquid-liquid extraction)

TBP Tributyl phosphate
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1 Introduction

Manganese is a transition metal with a variety of uses. Most commonly manganese is used
in the iron- and steelmaking industry, removing impurities and improving properties when
added in small amounts. Similarly, manganese is used as an alloy component in some copper
and aluminium products. (Wellbeloved et al., 2000.) In lithium-ion battery (LIB) cathodes,
manganese serves a purpose of cheaper, safer alternative for cobalt and nickel. However, its
importance in recycling may be overshadowed by its more expensive counterparts.
Manganese rich cathodes buffer cost and fluctuations in the cobalt and nickel market, and
its use in cathodes will continue especially in the transportation sector. (Thackeray et al.,

2018.)

The growing amount of LIBs brings on challenges related to proper waste management and
scarcity of virgin raw materials. Recovery of metals from spent LIBs can reduce the need
for new materials and simultaneously protect the environment. One of the most noteworthy
approaches are hydrometallurgical pathways for the recycling process, as they generally
have high efficiency and lower energy demand than in e.g. pyrometallurgy. However, the
whole process is controlled by multiple parameters, which creates the need for studies on the

optimal conditions. (Thackeray et al., 2018; Mewada & Neelam, 2025.)

This thesis reviews hydrometallurgical ways of metals recovery from spent LIBs and in the
experimental part, solvent extraction of high-purity manganese is studied. The goal of the
experimental part was to test and find suitable conditions for extracting high-purity
manganese from nickel-manganese-cobalt (NMC) cathode leachates. Experiments on the
effects of different extractants, scrubbing solutions, pH and phase ratios were conducted and

the results tested in a laboratory scale continuous counter-current experiment.



10

2 Lithium-ion batteries

Lithium-ion batteries are widely used in electronic products. The have an important role in
the workings of laptops, cameras, medical equipment, electric vehicles and other equipment
needing a power supply (An, 2019). The increase in demand and production of this energy
storage technology brings on challenges in proper waste management and scarcity of needed

materials.

LIBs are electrochemical power sources and typically have four main components;
electrodes, electrolyte, separator and the outer casing that protects the cell. The positive
electrode, i.e. the cathode has some lithiated transition metal oxide, and the negative
electrode (anode) is traditionally made of carbon compounds such as graphite (Arote, 2022).
In the discharged state, all the lithium is at the cathode. The two electrodes are submerged
in an electrolyte, which acts as a carrier for the ion transport between the two electrodes. In
the electrolyte, a separator made of material such as polyethylene keeps the electrodes from
touching each other directly. As the LIB is charged, lithium ions leave the cathode and move
towards the anode through the electrolyte and separator. Figure (1) shows a schematic

presentation of a typical LIB. (Arote, 2022; Ngo6 et al., 2022.)

Charge
e

e
Discharge

|
i
|
; @
@_I
1\
\D

C

Figure 1. A schematic presentation of the structure of a typical LIB. A: anode, B: cathode,
C: electrolyte solution, D: separator (sketched after Arote, 2022).
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The electrode active material gives the battery its characteristics; and the LIBs are often
described based on it. Some examples include the NMC, lithium-cobalt-oxide (LCO) and
the lithium-nickel-cobalt-aluminium-oxide (NCA) cathodes, which all have different
compositions of active material and such, different properties. The active materials of both
electrodes must have different lithium potentials of de-intercalation. The cathode must favor
the lithium ion leaving and the anodes potential should be close to that of a metal form of

lithium. (Bloch, 2021.)

In order to achieve the balance between cost and performance, many types of cathode
materials have been tested and invented, this chapter provides a brief look into the most
notable cathode types. These include the lithium-cobalt-oxide (LCO), nickel-manganese-
cobalt (NMC) and lithium-manganese-oxide (LMO) cathodes. The cathodes can be
classified by the physical structure of the active material. The usual structures include the

spinel, olivine and layered forms of active materials. (Chen et al., 2019.)

The LMO (LiMn204) cathode was discovered in the 1980s after the then widely used LiCoO»
(LCO) layered oxide. LMO cathode utilized a spinel structure, which was beneficial for its
fast ion exchange in the electrode (Ngo, Priem, & Martinet, 2022). The structure enabled
lower resistance inside the cell, hence beating its predecessor in charging speed and
discharge current (Miao et al., 2019). The LMO active material is often blended with NMC:s,
creating an LMO-NMC type cathode, improving its qualities compared to plain LMO

cathodes.

LCO cathodes (LiCo0Oy) utilize a layered structure, and are widely used in smaller, handheld
electronics such as laptops and tablets (Miao et al., 2019). They have high theoretical specific
and volumetric capacities, high discharge voltage and good cycling performance, which
makes them an attractive choice. The major downside of LCO cathodes is cobalt. The
material mostly consists of it, and it makes it too expensive for larger cells. These cathodes
also suffer from low thermal stability, which can make the cell catch fire after the cathode is
heated above (200 °C), creating a thermal runway reaction. The problems with the thermal
stability create the need for constant monitoring of the cell (Miao et al., 2019). The high cost
of cobalt and other mentioned downsides makes LCO cathodes not a popular choice for
larger cells used in electronic vehicles for example. (Nitta et al., 2015.) A schematic

presentation of a cathode layered structure is shown in Figure (2).
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Figure 2. A schematic picture of a layered structure in cathodes. Li-ions represented by blue dots in
between the layers and metal (Ni,Co,Mn,Al or their mixture) represented by green
parallelograms (sketched after Ngo et al., 2022).

NMC cathodes (Li(NixMnyCoi-x-y)O2) are a mixture of cobalt, nickel and manganese. The
replacement of cobalt with other metals lowers the cost of the cell compared to plain LCO
cathodes. With low costs and high performance, the NMC cathode is the most successful Li-
ion system (Miao et al., 2019). The composition of the NMC active materials varies
depending on the manufacturer and the desired properties, one common composition is
NMCI111, which has equal amounts of cobalt, nickel and manganese
(Li(N113Mn13C0113)02), though NMC111 demand has heavily decreased, being replaced by
NMC811 NMC622 systems (Ngd, Priem, & Martinet, 2022). Generally, higher nickel
content corresponds to higher capacity and lower stability, higher cobalt content to higher
cost and rate capability, higher manganese concentrations lower the cost and provide better
thermal stability. (Chen et al., 2019; Nitta et al., 2015.) Figure (3) shows the relationship

between the performance and different compositions of NMC cathodes.
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3 Lithium-ion battery waste

After prolonged usage, the LIBs performance starts to fade. The fading is accelerated by
several, usage-specific external variables, such as vibrations or temperature (Zhao, 2017).
The mechanisms of battery ageing are many and complex, and they vary between different
active materials and types of LIBs (Vetter et al., 2005). Teliz et al. (2022) have classified the

ageing mechanisms into three different categories, which are presented in Table (1).

Table 1. Ageing mechanisms of LIB batteries (Teliz et al., 2022).
Degradation mode Denotation
Loss of conductivity Degradation of conductivity in the cell.
Loss of lithium ion Lithium ions are unavailable for normal

operation due to lithium plating,
decomposition reactions or electrolyte layer

growth.

Loss of active material Active material is unavailable for normal
operation due to structural changes and loss

of electrical contact in the electrodes.

After the LIBs performance drops under usage-specific requirements, the cell is taken out of
service. The “retired” LIB can still be used for some other purpose, where the requirements
for performance are still met. For example, retired batteries from electronic vehicles can be
used in energy storage systems or in lower speed electric vehicles such as electrical bikes
(Zhao, 2017). This type of reuse prolongs the lifetime of lithium-ion batteries, lowering the
need for new cells. When the LIBs performance is low, and no purposeful re-usage is found,

the LIB is considered “spent”, and it needs to be recycled for its materials.

Proper end-of-life management of spent LIBs is critical, since compounds inside the material
are hazardous to the environment and humans. A typical LIB also contains multiple metals
that are considered as critical raw materials that hold a strategic importance. The European

commission has listed cobalt, lithium and manganese as critical raw materials due to possible
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supply chain risks and economical importance. Nickel is also included as a strategic raw

material. (European commission, 2023.)

Some of the metals inside spent LIBs are also quite valuable, and the usual waste
management process is designed to recover those metals in high purity and yield. Cathode-
active materials such as cobalt, lithium and nickel are prioritized. The cost of the cathode
made up 27 percent of the cost of the whole LIB cell’s cost in 2021, making the economic

acquiring of the cathode active materials important (Bloch, 2021). (Praats et al., 2024.)

3.1 Battery waste management

The spent LIBs contain a wide variety of material, which makes efficient recovery hard if
everything is wanted in high yield and purity. Thus, a generic all-purpose process is not
feasible, and the recycling process is often targeted for certain species in the waste. The
recycling process consists of both physical and chemical separation steps, and the chemical

separation is done through pyrometallurgical and/or hydrometallurgical methods.

3.1.1 Pretreatment

As the spent LIBs still contain some residual electric power and combustible materials, safe
discharging of the waste must be done prior to dismantling. The risks of combustion must
also be kept in mind in storage and transport methods (Zhao, 2017). Current methods for
discharging can be divided into chemical and physical. (Deng et al., 2025.)

Physical discharging methods discharge the battery via short circuiting or overloading the
electric circuit, and the most common ways for this are conductive particles, parallel
resistance and cryogenic freezing. The last-mentioned is popular, since it makes later phases
of pretreatment easier. In the cryogenic freezing method, the waste LIBs are frozen to point
where material of the electrode becomes inactive and then puncturing the batteries to remove
residual electricity. The chemical method is to submerge the waste LIBs into a salt solution
(usually NaCl or Na>SO4) or other liquid which has good electrical conductivity. The
conducting ions in the solution remove the residual charge. Downside of the chemical

treatment is the possible corrosion and leakage into the salt solution, which can mean the
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loss of valuable material. Also, some compounds inside the battery can react with the

discharging solution, causing hazardous waste. (Deng et al., 2025.)

After discharging, the waste LIBs are disassembled. Due to the various components inside,
this step is critical and is considered as a bottleneck in the recycling process (Yan et al.,
2024). This is mainly done through mechanical dismantling, which can be a manual or a
semi-automatic process (Deng et al., 2025). The manual process is mainly done only for
smaller, lab scale dismantling, while majority of industrial processes utilize automation. The
manual process is better in terms of yield and purity, but lack in efficiency and capacity. The
dismantling process includes a variety of techniques to separate and sort the LIBs
components. The components are crushed and shredded into small pieces, which can then
be sorted based on their physical properties. Properties like particle size, density or
magnetism can be used for coarse separation in processes such as sieving, flotation and
magnetic separation, respectively. Because the cathode active materials are connected to
current collectors via strong organic binders such as PVDF, it makes mechanical dismantling
difficult. There are several methods for the removal of the binder, for example heat treatment
is widely used. Heat treatment has the benefit of removing carbon from the cathodes as well

as the organic binder. (Deng et al., 2025; Yan et al., 2024; Zhao, 2017.)

After the different components are sorted, the resulting fractions are treated differently. The
focus of this thesis is the cathode active materials, so the following chapter describes
exclusively that. After the pretreatment, the cathode active materials are contained in a solid
black mass, which specific compositions can vary between the different processes and
materials. There are both hydrometallurgical and pyrometallurgical ways of metal recovery.
As the focus of this thesis is the recovery and purification of manganese via solvent
extraction, the following chapters are primarily focused on the hydrometallurgical recovery

routes.

3.1.2 Leaching

After the waste is sorted to its fractions, the hydrometallurgical recovery route utilizes
leaching to suspend the black mass into a liquid. Leaching is useful, since the metals leached
into the liquid can be selectively separated and recovered. Leaching can be done with various

techniques: acidic leaching, alkaline leaching or bioleaching. Bioleaching uses microbial
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fungi to selectively leach wanted metals, and interest in this method has grown gradually.
Alkaline leaching can be used to dissolve the aluminum current collectors, if they have not
been separated before the leaching (Li et al., 2018). Acid leaching is very common in the
leaching of cathode materials and most often the used acids are inorganic, such as H>SOq,
HCI or HNOs (Yao et al., 2018). However, also organic acids can be used as a leaching
agent, such as citric acid, which has excellent performance, is more environmentally friendly
and less hazardous than the commonly used inorganic acids. The process can be intensified
to better the efficiency, and because the leaching is slow and usually done in high
temperatures, intensification methods such as ultrasonic waves are commonly utilized (Yao

et al., 2018). (An, 2019; Zhao, 2017.) Figure (4) shows a schematic leaching process.

Spent LIB:s Leaching agent

v

Pretreatment

_|Leachate containing
| the desired material

. 4

(Discharge, crushing Cathode material [ Leaching

and separation)

1 []
Other components
and materials

Residue

Figure 4. A schematic presentation of a leaching process of a cathode (sketched after An, 2019).

The leaching agent is often combined with a chemical with reducing properties. Chemicals
such as hydrogen peroxide H2O> can reduce the sought after metals to their divalent states,
which are more soluble in the media, such bettering the leaching process. This kind of
reductive leaching is very common, and many different reducing chemicals and leaching
agent combinations are used and studied. The key variables studied often include the solid
to liquid ratio (S/L), leaching agent concentration, temperature and reaction time. (Yao et
al., 2018; Zhang et al., 1998.) Some of the research done and the performances achieved are

presented in Table (2).
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Table 2. Leaching research and results for different acids and cathode types.
Leaching agent Cathode Solid-to-liquid  Temperature Time Leaching Reference
type ratio interval percentage, %
4 M HCI NCA 5% (w/v) 90 °C 18 h 100 (Li, N1, Al, Co) (Joulié et al., 2014)
1 M HNOs +1,7 vol-% LCO 10 g/l 75 °C 30 min 99 (Co & Li) (Lee & Rhee, 2003)
H>O»
1,25 M citric acid + 1 LCO 20 g/1 90 °C 30 min 99 Li (Lietal., 2010)
vol-% H>0» 91 Co
2 M H2SOq4 NMC 33,3 g/l 70 °C 90 min 98,46 Co (Chen & Ho, 2018)
+ 10% H202 98,56 Ni
99,76 Li
98,62 Mn
1 M H>SOq4 NMC 1:10 90 °C lh 100 N1 (Guimaraes et al., 2022)
100 Co

93 Mn
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The choice of leaching agent must be made with multiple variables in mind. The type of
cathode used, environmental impact, safety and costs should all be considered when
choosing a leaching agent for the process. Some of the inorganic acids produce toxic gases
during the leaching process. For example, the reaction between NMC cathode active material

and hydrochloric acid has been reported by Xuan et al. (2019) to be:

2 LiMOZ’(S) +8 HCI'(D =2 LiCl’(l) +2 MCl’(l) + 4H20‘(1) + Cl’(g) (1)

Where, M Metal, (Co, Ni or Mn)

Even though gaseous emissions like chlorine gas can be harmful, they can also be utilized
to benefit the process. For example, chlorine can be used to synthesize more leaching agent,
if desired. Other drawbacks of inorganic acid leaching are the strongly acidic wastewaters
that need to be treated and the pH of the leachate continuing to the next step in the recycling
process. This will be discussed more thoroughly in chapter 4. Liu et al. (2023) have used a
life cycle impact assessment (LCIA) method ReCiPe to compare different leaching agents,
focusing on the environmental impact. They graded multiple leaching agents for each
cathode type to comprehensively compare different leaching processes. The best processes
for each cathode type reported by Liu et al. (2023) are presented in Table (3). Overall, they

state that sulfuric acid with hydrogen peroxide is a good choice for multiple different

cathodes.

Table 3. Best leaching agents for different cathode types by environmental impact (Liu et al., 2023).
Type of cathode Leaching agent
NMC 2 M H>SO4 + H0O2
LCO 2 M H>SO4 + H20,

LFP 3 M Na;S,0s
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3.2 Metal recovery and purification

After the metals are leached from black mass, the leachate proceeds to the next step. The
metals dissolved in the leachate are then recovered by using a variety of techniques. These
techniques can be divided into chemical precipitation, solvent extraction and other
separation methods (An, 2019). Since the leachate is a complex mixture of multiple metals,
the recovery process often applies multiple techniques to selectively and efficiently recover

the metals. Some reported compositions of leachates are presented in Table (4).

Table 4. Some reported compositions of acidic leachates originating from cathodes. Concentrations
given in [g/1].

Cathode [Li] [Co] [Ni] [Mn] [Al] [Cu] [Fe] [Mg] Reference

type

NMC 7,02 17,74 18,86 16,7 0,83 0,006 0,001 (Joo et al.,
2016)

N/A 4,68 19,20 14,14 646 1,01 036 1,13 (Keller et
al., 2022)

NMC 12,26 34,67 40,67 22,0 489 262 0,17 0,012 (Beak et
al., 2022)

NMC 6,5 12,3 28,5 14,65 (Yang et
al., 2020)

As it can be seen from the previous Table (4), the compositions of leachate (or leach liquor)
can vary greatly, between different types of cathodes used, or even between the same types
of cathodes. The differences come from different processes preceding the leaching, different

leaching agents, different manufacturers of the cathodes and other factors.

3.2.1 Chemical precipitation

Chemical precipitation is based on the different solubilities of metal compounds. By varying
the pH and/or temperature of the solution, metals can be precipitated out. For example, the

metals generally considered impurities such as Al, Fe and Cu can be precipitated out in a
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lower pH than some more valuable metals in the leachate, such creating selectivity in the
separation. The precipitation chemical used depends on which metal is precipitated out;
transition metals hydroxides and oxalates have lower solubilities compared to corresponding
lithium compounds. Chemicals containing OH", C204> and COs? anions are often used in
the precipitation. Yao et al. (2018) have given some examples for different metals, for
example Na>xCOs for Li, Ni and Mn, which leads to the metals precipitating out as carbonates.
For Co, Cu and Al sodium hydroxide can be used to precipitate out metals as hydroxides.

(An, 2019; Yao et al., 2018.)

3.2.2 Other separation methods

Other separation methods to extract metals from the leachate mainly include electro-
deposition (electro-winning), crystallization and calcining (Zeng et al., 2014). Electro-
deposition separates metals based on their electrode potential. The difference of reduction
potentials between the metals creates the selectivity in this technique. Electrodes are
submerged in the leachate and voltage is applied between the electrodes. The applied voltage
induces redox reactions in the ions, resulting in a high purity product. The major downside
to electro-deposition is the high energy consumption that is needed to apply the voltage
between the electrodes. (An, 2019; Yao et al., 2018; Zeng et al., 2014.) Zeng et al. (2014)
have presented a conventional deep recovery process (Figure 5), which utilizes multiple

recovery methods based on the desired metals in the leachate
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4 Solvent extraction

Solvent extraction (SX) is a hydrometallurgical separation method based on transferring a
chemical species between two liquid phases. The method is fundamentally known as liquid—
liquid extraction. Reactive SX may be simplified to be represented by the following Equation

(2). (Ritcey, 2006.)

M+ E = ME (2)

The presented Equation (2) describes an equilibrium reaction, in which the metal M in
aqueous phase reacts with the reactive part of the organic phase (extractant) E forming a
complex ME. As the process is determined by an equilibrium, the metal can be recovered
from the complex by shifting the equilibrium back to the left. Since the phases are
heterogeneous, they can be separated mechanically, hence separating the metal from the

aqueous phase.

4.1 Main stages of hydrometallurgical solvent extraction

The solvent extraction process can be differentiated to 3 different stages: stripping, scrubbing
and the extraction stage itself. A schematic flowchart is presented in Figure (6) for a solvent

extraction process.
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Figure 6. A schematic flowchart for a typical solvent extraction process (sketched after Ritcey, 2006).

The desired metal enters the system in the aqueous feed and is first introduced to the
extraction stage. The extraction is often done in a counter-current manner, utilizing mixer-
settlers and extraction columns. The aqueous feed is first mixed with the solvent to maximize
mass transfer and then the phases are separated by letting them settle. The extraction stage
is typically a multistage process, consisting of equipment cascades to get the best efficiency
for the extraction. After the extraction stage, the loaded solvent is fed to scrubbing stage,
and the raffinate is led out of the process, or recycled to recover metals or solvent. (Ritcey,

2006.)

The goal of the scrubbing stage is to remove any impurities from the loaded solvent which
may have been co-extracted in the previous stage. The scrubbing solution is some aqueous
solution with the right properties and selectivity to scrub i.e. to clean the loaded solvent. The
raffinate from the scrubbing stage is then recycled to previous parts of the process and the

scrubbed solvent is fed to the stripping stage. (Ritcey, 2006.)
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The stripping stage is the process of unloading the solvent. It is done by contacting the loaded
solvent with a suitable aqueous solution. The metal is extracted from the solvent to the
aqueous solution, usually producing a metal salt, which is then led out of the process as the
product. (Ritcey, 2006.) Before the solvent is fed back to the extraction stage, it is treated to

remove any contaminants and to restore its performance (equilibration) (Kislik, 2011).

4.2 Extractants

The extractants and the reactive extraction systems can be roughly classified into 3
categories (Ritcey, 2006). Systems involving compound formation, ion association and
solvation of the metal cation. These classes are not mutually exclusive, and extractants do
not necessarily belong to just one class. The selection of extractant and the solvent as a whole
is done based on its selectivity, physical properties and price. (Miiller et al., 2008; Ritcey,
2006.)

4.2.1 Compound forming systems

Compound forming systems such as chelating and acidic extractants involve cation-
exchange. Basic Equation for the extraction of a metal cation is presented in the following

Equation (3) (Ritcey, 2006).

M™* + nHA = MA, + nH* 3)
Where, Mo+ Metal cation

HA Extractant

MA, Metal complex formed with the extractant

n Integer
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It is noted that the compound forming systems, along with other classes, are equilibrium
processes, and perfect separations are thus impossible to obtain. The equilibrium presented
in Equation (3) also shows how the transfer of metals releases protons in the aqueous phase,
lowering the pH of the solution. This highlights the importance of pH in solvent extraction
systems involving cation-exchange; lowering the pH increases the transfer of metals to the

aqueous phase.

Chelating extractants are extractants with the ability to form stabile metals complexes
presented in Equation (3). Chelating and acidic extractants differ in their organic phase
properties. Acidic extractants such as organophosphorus, carboxylic and sulfonic acids may
form dimers and polymers in the organic phase due to hydrogen bonding between the
functional groups. This affects the performance of the extractant, and the extraction
mechanism might not always follow Equation (3). The most used extractants for LIB
recycling are acidic extractants, such as di(2-ethylhexyl) phosphoric acid (D2EHPA) and 2-
ethylhexyl phosphonic acid mono-2- ethylhexyl ester (PC-88A). The same main variables
affect both compound forming systems such as: extractant concentration and type, pH and

metal concentrations in the feed. (Kislik, 2011; Ritcey, 2006.)

4.2.2 lon association systems

Ion association (or outer-sphere complexation) is based on the attraction of two oppositely
charged entities (Ritcey, 2006). Simplified ion association process for a complex (A™B")

presented in the following Equation (4).

At +B~ = (4*-B) 4)
Where, At Species A
B~ Species B

(A*-B7) Ton association complex
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Extraction from the aqueous phase to the organic phase takes place, when species A or B is
a hydrophobic organic molecule. These systems often use water immiscible amines, which
can be tertiary (RiR2R3N), secondary (RiR2N) or primary (RiN) long chain amines, or their
derivates. Quaternary ammonium salts and other proton acceptors also belong to this class

of extractants. (Kislik, 2011; Ritcey, 2006.)

4.2.3 Solvation systems

Solvating extractants replace the water molecules in the first hydration sphere of a metal
atom (Ritcey, 2006). The surrounding of the metal atom with components of the extractant
leads to the formation of lipophilic complexes, which are then extracted to the organic phase
(Tunsu et al., 2019). The main groups of extractant with solvating properties are those
containing oxygen bonded to carbon and oxygen bonded to phosphorus. These include
esters, ethers, alcohols, ketones and alkyl-phosphate esters, to name a few. One important
extractant belonging to this group is tri-n-butyl phosphate (TBP), which can be used as a
phase modifier. Phase modifiers are discussed in more detail in Chapter 4.2.5. Solvating

systems are complex, and a general equation cannot be given. (Ritcey, 2006.)

4.2.4 Selectivity in solvent extraction

The selectivity between two metals is described by the following Equation (5) (Kislik, 2011).

Dy * [Mq]o
S — 1,tot
M/ Dy 1o, * [M2]0 ©)

Where, M Metal species
D Distribution constant of species

[M], Species initial concentration in the feed
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The distribution coefficient is simply described by the ratio of the species (solute) between
the two phases (Equation 6). Selectivity depends on many factors, and it must be
experimentally checked for specific circumstances. However, some general extractability
orders can be found in literature, usually as a function of equilibrium pH. From these orders,
general predictions for the system can be made. For example, if the order of extraction for
an extractant is as follows: A>B >C~=D > E, where A, B, C, D and E are some metals in
the feed; the species A is generally extracted before E. Also, C and D in this example would
be hard to separately extract due to co-extraction. The main factors affecting selectivity are
the choice of extractant and diluent, pH, concentration of extractant and the metals,
temperature and the feed media. The feed media is especially important in the extraction of
metals from LIB leachates, since the leaching can be done with multiple options (acid,

organic, alkaline leaching etc.).

4.2.5 Diluents and phase modifiers

Diluent is the background solvent where the extractant and the possible modifier is diluted.
Phase modifier can be added to the solvent to prevent the formation of extra phases. The
extra organic phases can occur when the solubility of the extracted species is limited to the
diluent. Some common phase modifiers include TBP, isodecanol and 2-ethylhexanol. The
amount of phase modifier added to the solvent is usually small (< 10 vol-%), and they can
affect the properties of the extractant. The diluents have some characteristic properties, some

of which are listed in the following Table (5). (Miiller et al., 2008; Ritcey, 2006.)

Table 5. Desired properties of diluents (Ritcey, 2006).

Some desired properties of diluents

Insoluble in the aqueous phase

Cheap and commercially available

Low surface tension

Miscible with extractant and the modifier

Safe (low volatility and high flash point)
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The diluents are also used to modify the physical properties of the total solvent. For example,

viscosity and density are very important factors, affecting the whole process. (Miiller et al.,
2008.)

4.2.6 Synergism between extractants

Synergistic extraction utilizes two extractants, which can have different modes (Chapter 3.2)
of extraction. Often used tactic for extraction is to combine multiple extractants, utilizing
multiple extraction mechanisms. This synergism is based on the extraction mechanisms
complementing each other, and such enhancing the extraction. Example presented by Wilson
et al. (2014) is presented in Figure (7). On their own, both a-hydroxyoxime (LIX 63) and
neodecanoic acid, (Versatic 10) have quite different extraction efficiencies. Especially for
Versatic 10, the efficiency of extraction is poor under pH 5, but as a mixture the extraction

is greatly increased.

g (-11]
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Figure 7. pH dependence of Ni-loading from a synthetic laterite PLS. Presenting the synergistic effect

of the mixture (a) of Versatic 10 (b) and LIX 63 (c). (Wilson et al., 2014.)

Synergism between extractants is tested later in the experimental part with similar pH-

isotherms as presented in Figure (7).
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4.3 Methods of designing

This chapter includes some basic characteristic calculations and theory used in designing the
solvent extraction process. The distribution coefficient describes the transfer of the metal
species between the phases in the solvent extraction system and is calculated using the

following Equation (6) (Habashi, 1999).

[M ] tot,org
Dy = ——F—= 6
"= M]iogaq ©
Where, [M] Concentration of metal species

The ratio between the organic and aqueous phase volumes in the system is an important
variable and is simply referred to as the O/A (or A/O) ratio, depending on the way it is
calculated. Percent of extraction describes the extent of the separation and is derived from
the distribution coefficient and the phase ratio using the following Equation (7). (Habashi,
1999; Ritcey, 2006.)

D 0,
E = * 100A) (7)

Where,

Volumetric ratio of the aqueous to organic phase

The extraction equilibrium can be visualized with multiple different diagrams, depending on
which operating parameter is studied. This thesis uses different “isotherms”, simply meaning
that the diagrams were acquired and represent the equilibrium system at a constant

temperature.
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The effect of pH on the extraction system can be presented by plotting the percent of
extraction (or its logarithm) versus the pH at equilibrium. The resulting datapoints form an
s-shaped curve (Figure 7) and can be used to study the effect of pH on the system. By plotting

curves for each extractable metal, selectivity and order of extraction can be visualized.

Similarly, the loading isotherm represents the distribution of the metal between the phases
at different equilibrium concentrations. The loading isotherm can be used to select optimal
phase ratios, but also to estimate the number of needed counter-current stages using the
McCabe-Thiele method. The McCabe—Thiele method done based on batch experiments is
not accurate at simulating continuous counter-current extraction but serves as a good

estimation tool.

4.4 LIB leachate solvent extraction

As previously discussed, the LIB leachate is a solution consisting of multiple metal species,
some of which pose more difficulties for the process of extracting pure manganese from the
solution. This subchapter serves as a prelude for the experimental part of the work,
highlighting key aspects and projected difficulties for the solvent extraction of manganese

for this case.

Copper, aluminum and iron are considered impurities in the hydrometallurgical LIB
recycling process. The concentration levels of these metals are lower than the cathode active
materials, but they can affect the quality of the recycling product. The removal is especially
important if the goal is to make recycled cathode active materials. The effects and origins of

these impurities have been extensively studied by Meng et al. (2025).

Copper, for its high value, is often removed separately. The copper ions typically originate
from the anode current collectors and can lead to failing of the cell due to internal short
circuiting if not removed efficiently. Copper, like iron and aluminum, could be precipitated
out as hydroxides in a lower pH compared to other metals, creating selectivity. However,
precipitation happens in a certain range of pH, and co-precipitation can lead to losses of

other metal species. (Meng et al., 2025.)

To combat the issue of metal losses through co-precipitation and to more selectively recover

copper, solvent extraction can be used. Hydroxyoxime reagent Acorga M5640 has excellent
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selectivity towards copper in lower pH values. The extraction has been studied in various

conditions by Vasilyev et al. (2017), and kinetic studies by Tamminen (2022).

Aluminum, iron and magnesium originate from multiple sources. Current collectors and
equipment wear are possible origins for all these metals in the recycling process. (Meng et
al., 2025.) Cobalt is projected to co-extract with manganese via solvent extraction using the
often-utilized D2EHPA, as per information in the literature, most notably the rough order of
extraction presented by Habashi (1999) and Ritcey (2006). Impacts of some impurities to
recovered LIB cathode performance have been reported by Wang & Zheng (2022).
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Experimental part

5 Materials and methods

The goal of the experimental part was to obtain as-pure-as-possible manganese from NMC
cathode leachate via solvent extraction. The metals could be extracted with multiple different
solvent extraction steps, and the aim was to find in what conditions pure manganese could
be obtained. A precipitation step prior to the solvent extraction was also investigated, if more
manganese could be extracted while getting rid of the same impurity levels. The starting
point for the experiments was to first extract the metals generally considered impurities such
as aluminium, iron and copper. Copper extraction was known to be efficient with Acorga
M5640 and was decided to be a part of the extraction. The main problem was predicted to
be the separation between manganese and cobalt, which could easily be co-extracted. Also,

the over loading of the solvent was projected to be a possible issue.

5.1 Materials

Synthetic NMC cathode leachates were produced using sulfate salts of metals. The
compositions of the leachates are presented below in the Table (6). Leachate 1 was made
with higher concentration which would be at the same level as they would be in an actual
leachate made with 2M H>SO4 with H>O; as a reductant. Leachate 2 was made to resemble
a leachate after precipitation using NaOH to raise the pH to 4-5. These compositions were
based on values found in corresponding literature, mainly on the work of Beak et al. (2022),
who have also included trace amounts of magnesium in their reported concentrations. The

used chemicals, their purity and providers are presented in Table (7).
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Table 6. Compositions of the synthetic leachates as they were measured by ICP-MS.
Metal Leachate 1 Leachate 2
[Li], mg/1 10 812 10019
[Co], mg/l 32535 27437
[Mn], mg/1 20 555 17 159
[Ni], mg/l 36976 25199
[Cu], mg/l 2592 215
[Al], mg/l 4729 86
[Fe], mg/l 200 12
[Mg], mg/l 14 134

Table 7. Used chemicals and their specifications.
Chemical Molar mass, g/mol  Purity Provider
Li2SO4 - H2O0 127,96 >99 % Sigma-Aldrich
CoSO4- 7H20 281,1 >97 % VWR
MnSO4 - H20 169,02 99,8 % VWR
NiSO4- 6 H20 262,86 99 % VWR
CuSOs- 5 H2O0 249,69 100 % VWR
Al(SO4)3- I8 H2O 666,42 >98 % J.T. Baker
FeSO4 - 7 H2O 278,02 >99 % Riedel-deHaén
MgSO4 7 H20 246,482 >99,5 % Riedel-deHaén
Al(SO4)3" I8 H2 O 666,438 99 % PROLABO
H>SO4 98,07 95-97 % Sigma-Aldrich
NaOH 40,0 97 % Sigma-Aldrich
Exxsol D80 171,0 * 100 % ExxonMobil

* Exxsol D80 is a mixture of hydrocarbons, hence the molar mass is a calculated average based on its

composition.

All the extractants (Table 8) were diluted in Exxsol D80 and the resulting solvents were

contacted with 0,5 M H>SO4 at room temperature for 15 minutes prior to experiments to

wash any possible impurities as per the equilibrium (Equation 3). Tributyl phosphate was

used as a phase modifier with D2EHPA.
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Table 8. Used extractants and their chemical specifications.
Extractant Chemical formula Purity Provider
Acorga 5-Nonyl-2-hydroxy-benzaldoxime 30-60 % Cytec
M5640
D2EHPA Di-(2-ethylhexyl) phosphoric acid 97 % Sigma-Aldrich
PC-88A 2-Ethylhexyl 2-ethylhexyphosphonic 95 % DAIHACHI

acid

TBP Tributyl phosphate 97 % Sigma-Aldrich

5.2 Batch experiments and setup

The batch experiments were conducted using a jacketed glass reactor with a volume of 1

litre. Temperature in the reactor was set and monitored via a Lauda Eco Silver E4 heating

thermostat. Dispersion was created by a 4-blade pitched impeller, which was coated with

PTFE and had a diameter of 5,3 cm. The impeller was attached to a motor, which allowed

setting the rotating speed of the impeller. The experimental setup is presented in Figure (8).
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Figure 8. The experimental setup used for the batch experiments.

5.2.1 Removal of copper

The removal of copper was done by solvent extraction with Acorga M5640. Both synthetic
leachates were contacted with 30 vol-% Acorga M5640 in a 1 litre jacketed glass reactor
without pH adjustments. The used O/A ratio was 0,5 and the mixture was dispersed for 20

minutes before letting the phases disengage and separate.

5.2.2 pH isotherm experiments

The pH isotherms were done in a jacketed glass reactor with a volume of 1 litre. The
temperature during the experiments was set to 25 °C. The impeller speed was set to around
700-800 RPM in all the experiments. The O/A ratio was 1 in all the experiments, and the
equilibrium was assumed to be reached after 15 minutes. The pH was raised using 10; 7,5

and 5 molar NaOH solutions and measured from the dispersion using electrode Mettler
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Toledo InLab Semi-Micro-L. There were points in the experiments, where the pH couldn’t
be measured from the dispersion. At these points the mixing was stopped, and the pH was
measured from the aqueous phase directly. The solvent and feed solution were loaded into
the reactor and dispersed. After each NaOH addition, the system was let to find equilibrium
and a 10 ml sample was then taken from the dispersion. A total of 9 experiments were
conducted using different combinations of extractants and solutions. An overview of the

conducted experiments is presented in Table (9).

Table 9. Used solvents and feed solutions in the done experiments.
Experi- Used solvent Used feed solution
ment
A 0,75 M D2EHPA + 5 vol-% TBP Leachate 2 washed with Acorga
M5640
B 0,75 M PC-88A Leachate 1 washed with Acorga
M5640
C 0,375M D2EHPA + 0,375M PC-88A  Leachate 1 washed with Acorga
+ 5 vol-% TBP M5640
D 0,75 M D2EHPA + 5 vol-% TBP Leachate 1 washed with Acorga
M5640
E 0,75 M PC-88A Leachate 2 washed with Acorga
M5640
F 0,375M D2EHPA + 0,375M PC-88A  Leachate 2 washed with Acorga
+ 5 vol-% TBP M5640
G 0,75 M PC-88A Leachate 1
H 0,375M D2EHPA + 0,375M PC-88A  Leachate 1
+ 5 vol-% TBP
1 0,75 M D2EHPA + 5 vol-% TBP Leachate 1

The experiments were carried out with multiple goals; to find out suitable conditions for the
removal of aluminium and iron, to find suitable conditions for manganese extraction, to see

if there is synergism between the extractants in this system and to compare the removal of
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copper before the extraction and doing the extraction of impurities in high copper

concentrations.

5.2.3 Loading experiments

The loading isotherms were done in the same reactor as the pH isotherms. In these
experiments the pH was kept the same using NaOH additions, and the O/A ratio was
increased gradually by adding more organic solvent after each sample was taken. The
weights of each addition of solvent and NaOH were measured, to calculate the exact O/A
ratios for each sample. The temperature in the reactor was 25 °C during the experiments. The
equilibrium was assumed to be reached after 15 minutes, as in the pH isotherm experiments.
The pH was accepted if it was a maximum of £0,05 units away from the target value. The
used feed solution was prepared based on the data from the pH isotherms. Also, the used
extractants and pH were derived from the results of the pH isotherms. Two target pH values
were used; 3 and 4. The used extractant was 0,75 M D2EHPA with 5 vol-% TBP in Exxsol
DS0.

5.2.4 Scrubbing experiments

Scrubbing experiments were done in the same batch reactor used in the other experiments.
The pH was not adjusted during the experiment, but O/A ratio was varied in the same manner
as in the loading experiments; scrubbing solution was added gradually to lower the O/A
ratio. The temperature in the reactor during the experiments was 25 °C. The equilibrium was
assumed to be reached after 15 minutes of mixing. The loaded organic solution was made
according to the loading experiments. The tested scrubbing solutions are presented in Table
(10). Two loaded organic solutions were chosen for the experiments. Specific concentrations
of these solutions are presented in the results and discussion chapter. Two different impurity
levels were chosen for determining how much impurities could be washed from the

manganese-loaded D2EHPA at reasonable conditions.
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Table 10. Used scrubbing solutions in the experiments.
Scrubbing solution MnSQOy4, ¢(Mn), [g/1] c¢(H2S04), [M]
A 20 -
40 -
C - 0,1
D 20 0,02
E - 0,02

To assess the recycling of manganese for the scrubbing solution from the product, an

equation for recycling percent was derived and in presented in the following Equation (8).

The equation considers the loading stage aqueous feed to be a mix of the scrubbing stage

raffinate and fresh feed to the system. The derivation process for the equation is presented

in Appendix (I).

0/A
CMm,in1 T (CM,aq,in,Z * (%)) - (CM,out,org,Z *(0/A)1)
Xy = 100% =*
CM,in,1 (8)
Where, Xu recycling percent for the target metal
CMin1 concentration of the target metal in the loading stage inlet
CM,aq,in,2 concentration of the target metal in the aqueous phase coming

out of scrubbing

Cmoutorg2 concentration of the target metal in the organic phase coming out

of scrubbing
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5.3 Continuous experiments and setup

Continuous experiments were done using MSU-0.5 laboratory scale mixer settlers made by
MEAB Metalextraktion AB. The unit is presented in the Figure (9). Specifications for the
MSU-0.5 unit are provided in Table (11).

Figure 9. An MSU-0.5 mixer settler unit made by MEAB Metalextraktion AB.
Table 11. Specifications and general information for the MSU-0.5 mixer settler unit.
General dimensions 260 x 96 x 250 mm
Active mixer volume 0,12 dm?
Settler volume 0,46 dm?
Loading surface area 0,55 dm?
Material PTFE

The temperature was set by heating the feeds, since there is no internal heating in the unit.
The pumps used were gamma/XL diaphragm pumps made by Prominent. The experiments
were done in an insulated fume hood, where the temperature was monitored during the

experiments.
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The temperature during the experiments was 25 °C. The internal phase ratio in the mixer and
settler was adjusted to 1. The residence times and external phase ratios used were controlled
by adjusting the flowrates in the pumps. The duration of the experiments was at least five
times the mean residence time of the cascade. The mean residence time was calculated using

the following Equation (9).

Viot
Tcascade = 0 ©)
tot
Where, Teascade Residence time of the cascade
Viot Total volume of the cascade
Qtot Total flowrate into the cascade

The pH in the experiments was monitored using a pH-meter and pre-neutralization of the
extractant was used to control it. Pre-neutralization was done using 10M NaOH and mixing
it with the extractant at room temperature. The cumulative extraction efficiency of metal M

was calculated using the following Equation (10).

0
E _ [M]Aq,Feed - [M]Aq,P _ [M]OTQ,P * A (10)
e [M]Aq,Feed [M]Aq,Feed
Where, Eyp Cumulative extraction efficiency of metal M at stage P

[M]4q,reca Concentration of metal M in the aqueous feed
[M] aq,p Concentration of metal M in the aqueous phase at stage P

[M]org.p Concentration of metal M in the organic phase at stage P
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5.4 Analytics

The samples from the experiments were analysed for their metal concentrations using
Agilent 7900 ICP-MS by Agilent Technologies. The aqueous samples were diluted two
times; first with pure water, and then with a matrix acid solution. The matrix acid solution
contained 1% super pure HCI (34-37%, Hosmed) and 1% super pure HNO3 (67-69%,
Hosmed) in pure water. The final dilutions with the matrix solution were done automatically

with prepFAST Station 8STN made by Elemental Scientific.

The samples from the experiments were often a biphasic mix of aqueous and organic
solution. The samples were first centrifuged with Megafuge 1.0 by Heraeus at 5000 RPM
for 10 minutes to ensure proper settling of the phases. The phases were then separated using
Pasteur pipettes. The aqueous phase was diluted straight with a dilution factor of 100. The
metals from the organic phase were first back-extracted with 3M H2SO4 at A/O = 20 and
shaking the sample for 15 minutes. The shaker used was Unimax 1010 orbital shaker by
Heidolph. After shaking, the phases were again separated by using the centrifuge at the
previously mentioned conditions. The barren organic phase was then separated from the
acid, and the acid was again diluted with a dilution factor of 10 using pure water. After this

both samples were diluted with the matrix acid as previously mentioned.

Densities were measured using Anton Paar DMA 4500 density meter at room temperature
(20 - 25 °C). The pH was measured using a Consort C3010 multi-parameter analyser, which
was calibrated using buffer solutions of pH 4 and pH 7 before each experiment. The pH

values presented were measured from the dispersion or aqueous phase at system equilibrium.

Data from the ICP were first compared to the metal detection limits. The concentration
values under the detection limits were not used. To further validate the results, limit of
quantitation (LOQ) was used. Since there is no universally recognized rule to calculate LOQ,
the value was estimated to be 3.3 times the detection limit (PerkinElmer Inc, 2017). The

values under the LOQ (3.3 * DL) were not included in the Figures made from the data.
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6 Results and discussion

Copper was separated from leachate 1 with the percent of extraction of 98,4 %, leaving 37
mg/l of copper in the raffinate. Only other metal noticeably extracted with the copper was
nickel, as 2 mg/l was detected in the extract. The pH was 1,3 in the equilibrium. The copper
left in the raffinate is still at a high level, and multiple steps of counter-current extraction

would be needed to remove it completely.

Table 12. Results of the copper separation from leachate 1 with 30 vol-% Acorga M5640 and its
concentrations in the beginning of the experiment. T =20 — 25 °C, O/A = 0,5.
Metal Leachate 1 Raffinate Extract
[Li], mg/l 10 812 10 759 <10,73
[Co], mg/l 32 535 32173 < 0,66
[Mn], mg/1 20 555 20 206 < 0,49
[Ni], mg/l 36976 36 608 2
[Cu], mg/l 2592 37 4459
[Al], mg/1 4729 4785 <5,75
[Fe], mg/l 200 202 <22
[Mg], mg/l 14 16 <3,86
Table 13. Results of the copper separation from leachate 2 with 30 vol-% Acorga M5640 and its
concentrations in the beginning of the experiment. T =20 — 25 °C, O/A = 0,5.
Metal Leachate 2 Raffinate Extract
[Li], mg/l 10019 10 206 > 10,73
[Co], mg/l 27 437 26 575 > 0,66
[Mn], mg/l 17 159 16 087 > 0,49
[Ni], mg/1 25199 24 254 5
[Cu], mg/l 215 1 418
[Al], mg/l 86 83 > 5,75
[Fe], mg/l 12 10 >22

[Mg], mg/l 134 133 > 3,86
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The removal of copper from leachate 2, which had lower impurity concentrations than
leachate 1, was also efficient and selective. Though more nickel was also extracted, the
copper levels went as down as 1 mg/I in the raffinate. It is possible that adjustments of the
pH or phase ratio would have been able to clean the raffinate completely clean of copper,
without major losses of other metals in the solution. The pH in the equilibrium was measured

at 1,4.

6.1 Effect of pH and extractant choice on impurity removal efficiency

The aqueous feed solutions were acquired from the copper extraction experiments and

additional experiments were also done with leachate 1 in its original metal concentrations.

During the experiments, gelling of the extractant was observed at higher pH values (6-7).
The viscosity of the solution rapidly increased, which worsened the separation of the phases.

The following Figure (10) shows a sample taken from the gelling.
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Figure 10. A sample taken from the observed gelling of the extractant. Used extractant was 0,75M
D2EHPA.

Figure (10) also shows that in higher pH values, precipitation started to happen. In the bottom
of the test tube is a solid precipitate, which is probably a mixture of aluminium, iron and
copper as discussed in chapter 3.2.1. The gelling and precipitation limited the pH range
which could be used in the experiments. The formation of the blue gel corresponded with

cobalt extraction, and it is likely due to high cobalt loading into the organic phase.
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Figure 11. pH isotherm for leachate with [Li]o=9,59 g/1, [Mg]o=0,13 g/1, [Al]o=0,08 g/l, [Mn]o=16,16
g/l, [Fe]o=0,01 g/, [Co]0=26,58 g/l, [Ni]p=24,25 g/l and [Cu]=0,001 g/l Used extractant was
0,75M D2EHPA with 5 vol-% TBP in Exxsol D80. T=25°C, O/A=1. Equilibrium was
assumed to be reached after 15 minutes of mixing.

Figure (11) presents a pH isotherm for leachate 2 washed with Acorga M5640. From Figure
(11), D2EHPA:s selectivity for the system can be observed. As can be seen from Figure (11),
D2EHPA is able to separate manganese before cobalt, nickel and lithium. Cobalt is co-
extracted with manganese as the equilibrium pH in the system reaches above 3. The iron and
aluminium also seem the be extracted close to manganese, but no clear advantage over
manganese can be observed from Figure (11). The order of extraction seems to be consistent

with (Peng et al., 2020), even with higher concentrations of metals.

The points marked with symbol “X”, are calculated using the LOQ value. In the context of
pH isotherms, this means that the calculated percent of extraction is a conservative estimate.

In other words, the percent of extraction is likely higher, but at minimum the presented value.

(134
*

Similarly, the points marked with the asterix symbol are calculated with the detection
limit. The values under with the detection limit are more unsure than the values between the
detection limit and LOQ. Therefore, it is hard to confidently say if a metal species is for
example, fully extracted. The percent of extraction values marked by the asterix are also an

underestimate, or “how much we can confidently say has extracted”.
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pH isotherm for [Li]o=9,59 g/l, [Mg]o=0,13 g/1, [Al]¢=0,08 g/1, [Mn]o=16,16 g/1, [Fe]o=0,01
g/1, [C0]0=26,58 g/, [Ni]o=24,25 g/l and [Cu]p=0,001 g/l. Used extractant was 0,375M
D2EHPA & 0,375M PC-88A with 5 vol-% TBP in Exxsol D80. T=25°C, O/A=1.
Equilibrium was assumed to be reached after 15 minutes of mixing.

Figure (12) presents a pH isotherm for leachate 2 washed with Acorga M5640. The pH

isotherm for the mix of D2EHPA and PC-88A shows that there seems not to be any

significant synergistic effect on the system. Aluminium seems to be extracted before

manganese, but the overlapping isotherms predict that significant co-extraction would lead

to a loss of manganese if the aluminium were extracted completely. The trace amounts of

copper can also be seen to extract over manganese, which indicates that it is crucial to fully

extract the copper before manganese can be cleanly separated from the other metal species.
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Figure 13. pH isotherm for [Li]o=9,59 g/I, [Mg]o=0,13 g/1, [Al]¢=0,08 g/l, [Mn]o=16,16 g/, [Fe]o=0,01
g/1, [C0]0=26,58 g/, [Ni]o=24,25 g/l and [Cu]p=0,001 g/1. Used extractant was 0,75M PC-
88A in Exxsol D80. T=25°C, O/A=1. Equilibrium was assumed to be reached after 15
minutes of mixing.

Figure (13) presents a pH isotherm for leachate 2 washed with Acorga M5640. PC-88A
seems to have more selectivity between manganese and the impurities (aluminium and iron)
when compared to other tested extractants. Aluminium and iron are extracted before
manganese with both PC-88A and D2EHPA, but the manganese extraction stays lower with
PC-88A at lower pH values (1-3) as can be observed from Figure (13). Aluminium’s percent
of extraction reaches over 90 % at pH 3, similarly to iron, which percents of extraction are
calculated to be 70-80 % throughout the experiment. However, at pH 3 the manganese is
also over 26 % extracted, meaning that the coextraction of impurities and manganese would

lead to significant losses in the manganese yield.

The impurity concentrations in leachate 2 after copper extraction are much lower than in the
other experiments, which could be the reason why manganese is extracted at a significant
level. The order of extraction is also likely to be clearer in the other isotherms such as Figures
(17), (18) and (19) compared to Figures (11), (12) and (13) because of the larger

concentrations leading to more reliable analysis.
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Figure 14. pH isotherm for [Li]o=10,76 g/, [Mg]o=0,016 g/l, [Al]o=4,46 g/l, [Mn]o=20,21 g/l, [Fe]o=0,2
g/l, [Co]o=32,17 g/1, [Ni]o=36,61 g/l and [Cu]o=0,04 g/I. Used extractant was 0,75M
D2EHPA with 5 vol-% TBP in Exxsol D80. T=25°C, O/A=1. Equilibrium was assumed to
be reached after 15 minutes of mixing.

Figure (14) presents a pH isotherm for leachate 1 washed with Acorga M5640. Figure (14)
presents the same system as Figure (11) but in different concentrations. The percent of
extraction for manganese stays lower when compared to the experiment presented in Figure
(11). At pH 2,88 under 10 % of manganese is extracted, compared to the roughly 40 % at
similar pH levels in Figure (9). The extraction behaviour of aluminium and iron is also
clearer in this experiment, both metal species seem to be extracted almost simultaneously,
reaching their peak at around pH 3. Similarly to other presented pH isotherms, the extraction

of copper, nickel, and lithium stays minimal throughout the tested pH scale.
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pH isotherm for [Li]o=10,76 g/1, [Mg]o=0,016 g/1, [Al]¢=4,46 g/l, [Mn]o=20,21 g/, [Fe]o=0,2
g/l, [Co]o=32,17 g/, [Ni]o=36,61 g/l and [Cu]o=0,04 g/I. Used extractant was 0,375M
D2EHPA & 0,375M PC-88A with 5 vol-% TBP in Exxsol D80. T=25°C, O/A=1.
Equilibrium was assumed to be reached after 15 minutes of mixing.

Figure (15) presents a pH isotherm for leachate 1 washed with Acorga M5640. The mixture

of PC-88A and D2EHPA show similar behaviour as it does with the lower impurity

concentration (Figure 12). However, the extraction of manganese seems to be suppressed in

higher impurity concentrations, as discussed previously (Figure 14). From Figure (15) the

extraction of copper is more visible, it seems that copper extraction rate reaches its peak at

around pH 3,9 — 4,3.
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Figure 16. pH isotherm for [Li]o=10,76 g/1, [Mg]o=0,016 g/1, [Al]¢=4,46 g/l, [Mn]o=20,21 g/, [Fe]o=0,2
g/1, [Co]o=32,17 g/, [Ni]o=36,61 g/l and [Cu]o=0,04 g/l. Used extractant was 0,75M PC-88A
in Exxsol D80. T=25°C, O/A=1. Equilibrium was assumed to be reached after 15 minutes of
mixing.

Figure (16) presents a pH isotherm for leachate 1 washed with Acorga M5640. The results
for leachate 1 washed with Acorga M5640 and PC-88A seem promising for impurity
removal. The extraction of manganese stays minimal until around pH 3, where 11% of the

metal species is extracted. At the same point the removal of impurities is at their peak.
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Figure 17. pH isotherm for [Li]o=10,81 g/l, [Mg]o=0,014 g/l, [Al]¢=4,53 g/, [Mn]o=20,56 g/1, [Fe]o=0,2
g/l, [Co]o=32,54 g/, [Ni]p=36,98 g/l and [Cu]o=2,69 g/I. Used extractant was 0,75M
D2EHPA with 5 vol-% TBP in Exxsol D80. T=25°C, O/A=1. Equilibrium was assumed to be
reached after 15 minutes of mixing.
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Figure (17) presents a pH isotherm for leachate 1. For D2EHPA and leachate 1, the
manganese starts to get visibly extracted already at around pH 1 and stays on a range of 10
to 15 percent until pH is over 5. The results indicate that to fully remove the impurities,
manganese losses would be significant and hinder the yield of the complete process.

Extraction of aluminium and iron reach their peak at around pH 4.,5.
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Figure 18. pH isotherm for [Li]¢=10,81 g/1, [Mg]o=0,014 g/, [Al]¢=4,53 g/1, [Mn]p=20,56 g/l, [Fe]o=0,2
g/1, [Colo=32,54 g/1, [Ni]o=36,98 g/l and [Cu]o=2,69 g/I. Used extractant was 0,75M PC-88A
in Exxsol D80. T=25°C, O/A=1. Equilibrium was assumed to be reached after 15 minutes of
mixing.

Figure (18) presents a pH isotherm for leachate 1. For PC-88A and leachate 1 the isotherm
looks similar to the one presented in Figure (16). The selectivity between the impurities and
manganese doesn’t significantly change between these experiments. At around pH 3 the
percents of extraction for aluminium and iron are 86% and 95% respectively. At the same
pH the extraction of other metals is minimal (< 5%), and only magnesium seems to be
extracted alongside iron and aluminium (however, the percents of extraction for magnesium

are not as reliable as they are for iron and aluminium).
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Figure 19. pH isotherm for [Li]o=10,81 g/1, [Mg]o=0,014 g/1, [Al]¢=4,53 g/l, [Mn]o=20,56 g/, [Fe]o=0,2
g/1, [Colo=32,54 g/, [Ni]o=36,98 g/l and [Cu]o=2,69 g/l. Used extractant was 0,375M
D2EHPA & 0,375M PC-88A with 5 vol-% TBP in Exxsol D80. T=25°C, O/A=1.
Equilibrium was assumed to be reached after 15 minutes of mixing.

The pH isotherm for leachate 1 and the mixed reagents (Figure 19) show no benefit from
synergistic effects. It seems that the extraction behaviour of iron and aluminium is changed
when compared to the plain extractants. With the mixture of PC-88A and D2EHPA iron
extraction follows the behaviour of plain PC-88A and aluminium extraction of plain

D2EHPA.

6.1.1 Efficiency of iron and aluminium separation

From the experiments the most suitable extractant for impurity removal seemed to be 0,75M
PC-88A. Especially in higher initial impurity concentrations the extraction of other metals
was minimal. The results for 0,75M PC-88A suggest that the separate copper extraction with
Acorga M5640 is needed and should be done before the extraction of aluminium and iron.
If the copper is extracted beforehand, more copper can be recovered. This can be seen by
comparing the isotherms for leachate 1 and the same solution after copper extraction with
Acorga M5640. No significant changes occur in the extraction behaviour of the system at
higher initial copper concentrations but roughly 10 % of copper is co-extracted with the

aluminium and iron. Clearer presentation of the extraction behaviour for impurities and
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manganese using leachate 1 after copper removal and 0,75M PC-88A is presented in Figure

(20).
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Figure 20. pH isotherms of iron, copper, manganese and aluminium for [Li]o=10,76 g/1, [Mg]o=0,016
g/l, [Al]o=4,46 g/1, [Mn]o=20,21 g/l, [Fe]o=0,2 g/l, [Co]o=32,17 g/1, [Ni]o=36,61 g/l and
[Cu]o=0,04 g/1. Used extractant was 0,75M PC-88A. T=25°C, O/A=1. Equilibrium was
assumed to be reached after 15 minutes of mixing.

6.1.2 Selectivity of manganese separation

Preliminary choice for manganese separation can also be derived from the experiments. In
terms of most suitable extractant, 0,75M D2EHPA with 5 vol-% TBP had the most
promising results. The selectivity of manganese over other metals needs to be as strong as
possible, especially for cobalt, which is predicted to be problematic. The strongest selectivity
for manganese was found in D2ZEHPA. A clearer presentation of manganese extraction using

D2EHPA is presented below.
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Figure 21. Selectivity of manganese over lithium, cobalt and nickel from [Li]p=10,76 g/l, [Mn]o=20,21
g/l, [Co]o=32,17 g/l and [Ni]¢=36,61 g/l. Used extractant was 0,75M D2EHPA with 5 vol-%
TBP in Exxsol D80. T=25°C, O/A=1. Equilibrium was assumed to be reached after 15 minutes
of mixing.

As can be observed from Figure (21), the optimal pH for manganese separation at these
conditions would be between pH 3-4, where the percent of extraction for manganese reaches
19 % while the extraction of lithium, cobalt and nickel stays minimal (= 1 %). Similar
conditions were suggested by (Vieceli et al.,, 2021) for a similar system with lower
concentrations of metals, where optimized conditions suggested were at pH 3,25 and O/A

ratio of 1,25 for 0,5 M D2EHPA without TBP.

6.1.3 Comparison of metal losses in precipitation and solvent extraction

As mentioned before, leachate 2 was made to mimic a LIB cathode leachate after a chemical
precipitation in pH 4-5. The separation done by chemical precipitation tends to be rather
rough and take away a wide variety of metals at the same time, especially if higher separation
efficiencies are needed. The precipitate also leaves the problem of mixed metals in the
precipitate. In the case of manganese, it was deemed interesting to compare the losses of
metals when comparing a preliminary precipitation before the solvent extraction and doing
the solvent extraction in higher impurity concentrations without any prior treatment. As the

compositions for the synthetic solutions were based on real values from literature (Beak et
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al. 2022), some estimates for the metal losses can be derived from comparing the results.
Table (14) shows the calculated metal losses for leachate 1 and the most promising results
from the pH isotherms i.e. where the percent of extraction for aluminium and iron are as
high as possible while manganese extraction is low. The best results in this case were found
in the system of 0,75M PC-88A with leachate 1 at pH 3,8, where the percents of extraction
for aluminium and iron were 97,54 % and 98,23 respectively, while the same value for

manganese was 12,48 %.

Table 14. Comparison of metal losses between chemical precipitation and solvent extraction.
Metal Leachate Leachate 2, mimicking leachate Leachate 1 after 0,75M PC-
1 1 after NaOH precipitation at 88A extraction at pH 3,8
pH 4-5
[Li], mg/1 10 812 10019 11 245
[Co], mg/l 32535 27437 29942
[Mn], mg/l 20 555 17 159 17 045
[Ni], mg/l 36976 25199 35620
[Cu], mg/l 2592 215 2260
[Al], mg/l 4729 86 104
[Fe], mg/l 200 12 <2,2%

* Measured value under detection limit.

Though the compositions of the solutions are only estimates based on literature, some rough
deductions can be derived from the results. For example, to achieve the same levels of
impurity removal, the loss of nickel would be higher with chemical precipitation. Some
copper could also be removed at the same time as iron and aluminium with precipitation, but
it is likely wiser to extract the copper with Acorga M6540 for its efficiency and the value of

copper.

The results for the solvent extraction with PC-88A are likely to be even better, if optimization
of temperature or phase ratios are done. Using continuous counter-current extraction with
more stages would also likely make the separation more efficient. Even with one contact
with 0,75M PC-88A at a pH of 3,8 the separation of impurities is at the same level as in

chemical precipitation with NaOH.
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6.2 Effects of phase ratio on manganese separation

The feed solution composition for the loading experiments was derived from the results of
the pH isotherms. The best impurity removal was acquired with 0,75M PC-88A at a pH of
3,34 when using the leachate 1 after copper removal. The compositions of the feed solutions
used are presented in Table (15). The equilibrium pH for the experiments was chosen to be

3 and 4 based on the experiments with 0,75M D2EHPA in the previous experiments.

Table 15. Feed solution compositions in the loading experiments.
Metal pH 3 experiment pH 4 experiment
[Li], mg/l 10 815 11 845
[Co], mg/l 29 331 29 712
[Mn], mg/1 16 178 16 237
[Ni], mg/1 32430 32707
[Mg], mg/l <5 9

6.2.1 Loading isotherm at pH 3

Loading isotherm for 0,75M D2EHPA at equilibrium pH of 3 was conducted varying the
O/A ratio from 0,04 to 7,2. Loading isotherm for manganese is presented in Figure (22). At
pH 3, the 0,75M D2EHPA reached its maximum manganese loading at 9744 mg/l. At the
same point, the concentrations of cobalt, nickel and lithium were 300,9 mg/1, 25,4 mg/l and
166,8 mg/l respectively. Magnesium concentration in the loaded D2ZEHPA was under its
detection limit (5 mg/l for magnesium). A McCabe—Thiele analysis was constructed on the

loading isotherm with operating line slope corresponding to O/A of 2.
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Figure 22. McCabe-Thiele analysis for the pH 3 loading isotherm of manganese with 0,75M D2EHPA
and 5 vol-% TBP. Operating line slope corresponds to O/A ratio of 2. The x-intercept
corresponds to 99,9 % extraction of manganese.

The McCabe-Thiele analysis constructed indicates 3-4 stages for 99,9 % extraction of
manganese to the organic phase. The outcoming loaded organic phase would contain around
8000 mg/l manganese. The corresponding impurity concentrations can be estimated with a
suitable point from the loading experiments. Table (16) shows the results which were used

to estimate the impurity concentrations.

Table 16. Datapoints from the loading experiments at pH 3 using 0,75M D2EHPA with 5 vol-% TBP.
O/A [Li], mg/1 [Mg], mg/l [Mn], mg/l [Co], mg/l [Ni], mg/1
0,50 179 <5 8337 292 31
0,78 187 <5 7963 313 35

As presented in Table (16), the impurity concentrations are estimated to be between 292-313
mg/l for cobalt and 31-35 mg/I1 for nickel. For scrubbing experiments this information was
valuable, since loaded organic for the experiments could be prepared with the corresponding
O/A ratio. The extraction behaviour of metal species can be better visualized by plotting

percents of extraction as a function of O/A ratio (Figure 23).
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Figure 23. A plot of extraction percent as a function of O/A ratio. Plot is describing the extraction

behaviour of metal species into 0,75M D2EHPA with 5 vol-% TBP at a pH of 3.

6.2.2 Loading isotherm at pH 4

Loading isotherm for 0,75M D2EHPA at equilibrium pH of 4 was conducted varying the
O/A ratio from 0,04 to 5,91. The range of tested O/A ratios was smaller than in the previous
experiment due to more NaOH solution needed to adjust the equilibrium pH to 4. Loading
1sotherm for manganese is presented in Figure (24). At pH 4, 0,75M D2EHPA with 5 vol-%
TBP reached its maximum loading at 14172 mg/l of manganese. At the same point the
impurity concentrations for cobalt, nickel and lithium were 1525,6 mg/l, 37,4 mg/l and 121,3
mg/1 respectively. Magnesium was under its detection limit (5 mg/l for magnesium). With
using a higher equilibrium pH more manganese could be extracted with a downside of higher
impurity co-extraction. A McCabe—Thiele analysis was constructed on the loading isotherm

with operating line slope corresponding to O/A of 1,2.
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Figure 24. McCabe-Thiele analysis for the pH 4 loading isotherm of manganese with 0,75M D2EHPA
and 5 vol-% TBP. Operating line slope corresponds to O/A ratio of 1,2. The x-intercept
corresponds to 99,9 % extraction of manganese.

The McCabe-Thiele analysis constructed indicates 4 stages for 99,9 % extraction of
manganese to the organic phase. The outcoming loaded organic phase would contain around
13400 mg/l manganese. The following Table (17) shows the results which were used to

estimate the impurity concentrations.

Table 17. Datapoints from the loading experiments at pH 4 using 0,75M D2EHPA with 5 vol-% TBP.
O/A [Li], mg/1 [Mg], mg/l [Mn], mg/l [Co], mg/l [Ni], mg/l
0,20 143 <5 13552 1617 44
0,48 149 <5 11933 1748 53

The impurity contents of the loaded D2EHPA can be estimated to be 1617-1748 mg/1 of
cobalt and 44-53 mg/l nickel in the continuous counter-current extraction suggested by the
McCabe-Thiele analysis. The extraction behaviour of the pH 4 system can once again be

visualised by plotting percents of extraction as a function of O/A ratios.
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Figure 25. A plot of extraction percent as a function of O/A ratio. Plot is describing the extraction

behaviour of metal species into 0,75M D2EHPA with 5 vol-% TBP at a pH of 4.

6.3 Effects of scrubbing solutions on cobalt and nickel removal

Loaded D2EHPA was prepared using the data from the loading experiments. Two different
compositions were tested: one with higher manganese and impurity contents and the other
with lower concentrations. The compositions of the loaded D2ZEHPA corresponded to the
constructed McCabe—Thiele analyses presented in Figures (22) and (24). The solutions were
prepared according to Table (16) and (17). Higher metal species loading was acquired by
conditions of O/A ratio of 0,3, equilibrium pH of 4. The solution with lower loading was
acquired with the following conditions: O/A ratio of 0,8 and equilibrium pH of 3. Two
different compositions were tested to find out if these higher impurity contents could be

scrubbed from the D2EHPA, which would lead to higher utilization of the solvent.

The used scrubbing solutions are presented in Table (10). The compositions of the used
loaded organic solutions varied a small amount, since the preparation needed to be done
multiple times. The calculated averages (based on the analytic results of the solutions) of the
two loaded organic solutions are presented in the following Table (18). The two loaded

organic solutions are further referred to as LO1 and LO2 for convenience.



62

Table 18. Calculated averages of the loaded D2EHPA compositions.
Solution [Mn], mg/l [Co], mg/l [Ni], mg/1 Preparation
LO1 14 493 1391 67 O/A0,3;pH4
LO2 9495 326 44 O/A 0,8 ;pH3

Dilute sulfuric acid and manganese (II) sulfate were used as scrubbing solutions. The
concentrations of manganese containing scrubbing solution are presented as the manganese

metal concentration. Dilutions with both chemicals were done with pure water.

6.3.1 Scrubbing experiments with dilute sulfuric acid

Dilute sulfuric acid was tested as a scrubbing solution as no manganese would be needed to
be recycled back from the product if used. 0,1 M HoSO4 was tested first as the concentration
was an estimation based on the fact that H>SO4 would theoretically extract cobalt and nickel
with a molar ratio of 1:1. The scrubbing isotherms of cobalt and nickel for LO2 and 0,1 M

H>SO4are presented below.
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Figure 26. Scrubbing isotherm of A - nickel and B - cobalt. Solutions used were LO2 (0,75 M D2EHPA
with [Mn]o=9,50 g/1, [C0]o=0,33 g/l and [Ni]p=0,04 g/1) and 0,1M H»SO4. T =25°C,
equilibrium was assumed to be reached after 15 minutes of mixing.
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The scrubbing isotherms of cobalt and nickel for LO1 and 0,1 M H2SOg4 are presented below.
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Figure 27. Scrubbing isotherm of A - nickel and B - cobalt. Solutions used were LO1 (D2EHPA with
[Mn]o=14,49 g/1, [Co]o=1,39 g/l and [Ni]o=0,07 g/1) and 0,1M H>SO4. T = 25°C, equilibrium
was assumed to be reached after 15 minutes of mixing.

The results for 0,1 M H2SO4 seem promising as it scrubbed practically all the cobalt and
nickel from the loaded D2EHPA into the aqueous phase. However, while the impurities were
scrubbed with good efficiency, the amount of manganese coextracted was significant.

Scrubbing isotherms of manganese for both solutions are presented below.
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Figure 28. Scrubbing isotherms of manganese for LO1 and LO2 using 0,1 M H,SO4.
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As can be seen from the scrubbing isotherms of manganese; the extraction to the sulfuric
acid is “sharp” and leads to large manganese co-extraction. The effect is even greater with
LO2, since the initial manganese concentrations were lower than with LOI. Lower
concentration of sulfuric acid was tested for LO1. The following Figure (29) shows a

scrubbing isotherm of cobalt and nickel using 0,02 M H>SO4.
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Figure 29. Scrubbing isotherm of A - nickel and B - cobalt. Solutions used were LO1 (D2EHPA with
[Mn]o=14,49 g/, [Co]o=1,39 g/l and [Ni]o=0,07 g/l) and 0,02 M H,SO4. T =25°C, equilibrium
was assumed to be reached after 15 minutes of mixing.

With the more dilute sulfuric acid, the cobalt wasn’t fully extracted from the loaded
D2EHPA, with 14,4 mg/l of cobalt still in the D2ZEHPA at an A/O of 7. However, the
manganese wasn’t coextracted as much with the 0,02 M H>SO4 compared to the 0,1 M acid.
With 0,02 M acid and an A/O ratio of 7, the loaded D2EHPA still had 7757,6 mg/l of
manganese left, compared to 578,3 mg/l of manganese left at a similar A/O ratio of 5 using

the 0,1 M acid. Corg

6.3.2 Scrubbing experiments using MnSO4

MnSOs4 solutions were also tested as a potential scrubbing solution at different manganese
concentrations. The benefit of using manganese as a scrubbing solution from a technical
standpoint is that it could be produced by taking a part of the product. The manganese
concentrations tested were 20 g/ and 40 g/l. The following Figure (30) presents the
scrubbing isotherm of cobalt for LO1 and LO2 with 20 g/l Mn solution.

2200
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Figure 30. Scrubbing isotherm of cobalt for A — LO2 and B — LO1. Manganese concentration in the

scrubbing solution was 20 g/l. T = 25°C, equilibrium was assumed to be reached after 15
minutes of mixing.

The nickel was extracted fast with 20 g/l manganese solution; for LO1 the measured nickel
concentrations were under the limit of quantitation with A/O ratio of 0,1 and for LO2 with

an A/O ratio of 0,02. The cobalt wasn’t fully extracted from LO1, as there were still 9,3 mg/1

of cobalt measured at an A/O ratio of 5.

Higher concentrations of manganese solution were also tested and the results for 40 g/l

manganese solution are presented in Figure (31).
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Figure 31. Scrubbing isotherm of cobalt for A — LO2 and B — LO1. Manganese concentration in the

scrubbing solution was 40 g/l. T = 25°C, equilibrium was assumed to be reached after 15
minutes of mixing.
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The cobalt extraction with higher manganese concentration in the scrubbing solution was
better, but there were still 4 mg/l of cobalt left in the organic phase. Preferably all the
impurities would be scrubbed from the organic phase, so a mix of the dilute sulfuric acid and

MnSOs4 was tested to see the if combining the two would bring more value.

6.3.3 Scrubbing experiments with dilute sulfuric acid and MnSOg4

A scrubbing solution containing 20 g/l manganese and 0,02 M H>SO4 was tested for both
LO1 and LO2. The scrubbing isotherms of cobalt for both LO1 and LO2 are presented in
Figure (32).
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Figure 32. Scrubbing isotherm of cobalt for A — LO2 and B — LO1. Manganese concentration in the

scrubbing solution was 20 g/l, and it contained 0,02 M H,SO4. T = 25°C, equilibrium was
assumed to be reached after 15 minutes of mixing.

With the mix dilute sulfuric acid and manganese, the cobalt extraction from LO1 was more
efficient than with just manganese. The cobalt concentration was measured at 1,2 mg/l in the

organic phase at an A/O of 7,4.
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6.3.4 Scrubbing experiment discussion

Since the manganese concentration is decreased as the concentrations of cobalt, nickel and
lithium are, the evaluation of the most suitable scrubbing method is done by observing the
cationic purity of the organic phase. Also, the manganese needed for the production of the
scrubbing solution needs to be considered, since the manganese yield for the process must
be as high as possible. The manganese recycling was calculated using Equation (8), which
was derived from the mass balance of the process from loading to stripping. The derivation
of the equation is presented in Appendix (I). Table (19) shows the calculated recycling
percentages, projected cationic purities of the products and the used process parameters

estimated for continuous counter-current loading and scrubbing stages.
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Table 19. Projected process parameters, cationic purities (extract phase) and manganese recycling for

the tested scrubbing combinations.

Scrubbing Loading Scrubbing  Cationic Manganese
solution phase phase purity  of recycling, [%]
manganese,
[Yo]
0,1 M H2SO4 pH 4 O/A 1,5 99,902 86
O/A'1,2 3 stages
4 stages
0,1 M H2SOq4 pH3 O/A 12,5 99,949 89
O/A 2 4 stages
4 stages
20 g/l Mn?** pH 4 O/A'S 99,936 29
O/A1,2 3 stages
4 stages
20 g/l Mn?** pH3 O/A 30 99,987 19
O/A2 3 stages
4 stages
40 g/l Mn?* pH 4 O/A 12,5 99,97 22,057
O/A 1,2 4 stages
4 stages
40 g/l Mn?* pH3 O/A 20 *99,992 *-10
O/A 2 3 stages
4 stages
20 g/l Mn?** pH 4 O/A9 99,977 44,79
0,02M H2SO4 O/A'1,2 5 stages
4 stages
20 g/l Mn?* pH3 O/A 20 99,989 24
0,02M H2SO4 O/A2 3 stages
4 stages
0,02 M H.SOs pH4 O/A 0,33 97,379 84,9
O/A'1,2 3 stages

4 stages
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* Not accurate due to measurement errors.

Comparing the results from Table (19), both the 20 g/l manganese containing solution and
its mixture with 0,02 M sulfuric acid seem promising. Based on the results, just the 20 g/l
manganese while using the lower loading at pH 3 results into 99,987 % cationic purity of
manganese in the extract and a low manganese recycling of 19 %. The acidified MnSO4
solution (20 g/l manganese) results into 99,989 % cationic purity in the organic phase and a
recycling percent of 24 %. From a process - technical standpoint, it would be useful to have
as large as possible O/A ratio used in the scrubbing phase, since the raffinate could be cycled
back to the extraction phase without diluting the feed. Keeping this in mind, the 20 g/l
manganese solution with loading at pH 3 is the most promising combination out of the done
experiments. The resulting purity difference between it and its mixture with the dilute acid

is within experimental error, being only 0,002 %.

The 0,1 M sulfuric acid led to high purity product, but the co-extraction of manganese raises
the recycling percent to almost 90 for both loading options. The more diluted sulfuric acid,
0,02 M, could not extract the impurities at a high efficiency, and needs very low O/A ratios
to wash the loaded organic to an acceptable purity. Using the higher pH 4 for loading leads
to higher manganese concentrations coming into the scrubbing phase, but the manganese

recycling is very high, since more cobalt, nickel and lithium need to be scrubbed.

Other research on scrubbing has been conducted by Vieceli et al., (2023) for similar, less
concentrated solutions. They found that for a scrubbing solution containing 4 g/l manganese,
the scrubbing efficiency slightly increased when using lower O/A ratios (tested O/A ratios
ranged from 1 to 5). Their research also included impurities such as aluminium, copper and
magnesium in their loaded organic phase. Comparing the results of the different scrubbing
experiments, the use of PC-88A for the removal of impurities before manganese extraction

is justified.

The possible selectivity of the stripping stage was not included in these estimations, and it’s
possible that even higher purity product can be achieved in the proper stripping conditions.
Some experiments of the stripping of manganese from D2EHPA can be found in literature,
for example Biswas et al. (2005), who did kinetic studies on the system with sulfuric acid

solutions.
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6.4 Effects of continuous counter-current SX on manganese loading

Using the data acquired from the batch experiments, continuous counter-current extraction
experiments were conducted. The total flow rate was derived from the settling characteristics
of a similar system. The maximum flow rate could be calculated using measured settling
speeds and the reported loading area in the unit. The maximum flow rate was calculated to
be around 6 1/h, and the used flow rates in the experiments were slightly lower, to ensure
proper settling of the phases. Loading experiments were done with a target pH of 3, using

pre-neutralization degree of 45 %.

Loading tests were conducted using the following specifications: flow rates of the feed
solution and the pre-neutralized D2ZEHPA were 1,9 1/h and 3,8 I/h respectively. The true O/A
ratio was 1,87 when including the water from the NaOH added to the D2EHPA in the pre-
neutralization. Four stages were used in the cascade, and the extraction efficiency was
calculated with Equation (10). Table (20) shows the measured metal concentrations of the

aqueous feed solution.

Table 20. Composition of the used feed solution in the continuous counter-current experiment.
[Li], mg/1 [Mn], mg/l [Co], mg/l [Ni], mg/l
14 622 20 602 35920 41 595

Figure (33) shows percent of extraction at the organic outlet plotted against time. The O/A

ratio used was 1,87 and the number of stages used was 4.
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Figure 33. Plot of percent of extraction calculated from the organic outlet Vs. time for 4 stage counter-

current extraction with O/A ratio of 1,87. T = 25°C. Feed composition was [LiJo=14,6 g/l,
[Mn]o=20,6 g/1, [Co]o=35,9 g/l and [Ni]o= g/l. Used extractant was 0,75M D2EHPA.

The experiment was continued for around 1,5 h before the first sample, so no kinetics could
be observed from the data. The pH stayed in the range of 3,5-2,8 across the cascade, peaking
at the organic inlet and gradually dropping as time of contact between the phases increased.
The efficiency for manganese extraction was promising, since the percent of extraction was
over 98 % for all the measured points. Simultaneously, the extraction of cobalt stayed around
1%, extraction of nickel around 0,1% and the extraction of lithium around 2 % during the
experiment. The continuous experiments corresponded well to the McCabe—Thiele analysis
constructed based on the batch experiment data. However, as the true O/A ratio was slightly
lower than the target value of 2 because the water from the pre-neutralization is released
from the organic phase during extraction, it is difficult to make precise comparisons between
the experiments. Adding more stages or raising the O/A ratio could potentially raise the
percent of extraction for manganese closer to 100 %. The loaded organic phase going to
scrubbing would contain around 0,18 g/1 lithium, 0,21 g/l cobalt and 0,03 g/l nickel along
with the 10,5 g/l manganese (values are calculated averages from the data presented in Figure
(33). When compared to the estimations presented in Table (16) which were done based on
the batch experiments, the impurity levels are almost the same. The manganese
concentration reached a higher level than was estimated with McCabe-Thiele analysis in

Figure (22).



72

Conclusions

Solvent extraction of high-purity manganese from LIB cathode leachates was studied in this
thesis. LIBs, along with their recycling methods were comparatively discussed in the
literature part of the work. In the experimental part, suitable conditions for selective recovery

of manganese by solvent extraction were studied using batch and continuous experiments.

Metals considered as impurities (Cu, Al and Fe) were extracted first. Separate copper
extraction was deemed useful to be done first using Acorga M5640 in low pH. Following
the copper extraction, aluminium and iron extraction was efficient using PC-88A. A
comparison between the efficiency of precipitation and solvent extraction was done, and
even after one contact at pH 3,8 the separation of impurities is at the same level as in
chemical precipitation with NaOH while keeping the loss of other metals lower than with

chemical precipitation.

Extraction of manganese from the remaining metals such as nickel and cobalt was deemed
to be best using D2EHPA at pH 3-4. McCabe—Thiele analysis was constructed and implied
4 stages at pH 3 and O/A ratio of 2 or 4 stages at pH 4 and O/A ratio of 1,2 depending on
the tolerance of impurities. Using pH 3 the co-extraction of cobalt and nickel is at a lower

level than using pH 4, but using the higher pH leads to a reduced amount of needed solvent.

Scrubbing experiments for the remaining impurities in the manganese loaded organic phase
were done and comparison between purities and yield was constructed. It was shown that of
the tested scrubbing solutions, 20 g/l manganese solution with loading done at pH 3 is the
most promising combination, resulting in 99,99 % cationic purity of manganese solution

after 3-stage scrubbing at O/A ratio of 30.

The results were validated by doing a continuous experiment based on the batch data. The

loading experiment corresponded well to the prediction done via McCabe—Thiele analysis.

Further experiments on the stripping of manganese and the final precipitation of manganese
sulfate are suggested as it is possible that the product could be even more pure by optimizing
the conditions of those steps. Further experiments on temperature are also suggested, as only
one temperature was used and tested in this thesis, and it is likely that by adjusting the

temperature better results could be achieved.
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In conclusion, 99,99 % cationic purity for the manganese solution was achieved with
calculated manganese recycling of 19 % (Equation (8)). This is likely enough to meet some
purity standards for cathode precursor materials, but more experimentation could be done to
push the purity even further. Continuous counter-current experiments should also be done

for the whole process to validate the results.
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Appendix I: Derivation of the equation used for calculating recycling of target metal

The recycling of the manganese was calculated using the following logic. Labelling of the
process steps in subscripts was used as such, loading stage (1), scrubbing stage (2) and
stripping stage (3). Effects of pre-neutralization on the volume of the organic phase are not

considered in the phase ratios and volumetric flows.

The molar flow of target metal to the loading phase in the aqueous phase (the flow is a mix

of the scrubbing raffinate and the process feed):

CM,in,aq,l

MMumag1 = 57— * Qinag 1 (1)
n,aq MM in,aq
Where, CM,in,aq1 Concentration of target metal species in the stream
My Molar mass of target metal
Qinag1 Flowrate of the aqueous feed into loading

Since the target species is assumed to fully transfer to the organic phase, the molar flow of

the species coming out of the loading phase is the same as it is coming in: Ny 0q1 =

MM out,org,1- 1N€ concentration of the species in the outlet can be then calculated with:

nM,out,org,l * MM

c =
M,out,org,1 Qout,org,l (2)
Where, Cm Concentration of target metal species in the stream
My, Molar mass of target metal

Qinag1 Flowrate of the aqueous feed into loading



The molar flow coming out of the loading phase is the same as the molar flow going into the
scrubbing stage: My in org,2 = M, out,org,1- L he molar flow of the species coming out of the
scrubbing stage was calculated using same logic, since the concentrations were known. The
molar flow of stripping solution H>SO4 was derived using a target value for species in the
stripping outlet. This target value is based on the solubility of the species; it is beneficial for
it to be close to the solubility limit (for manganese target concentration used was 140 g/l).
Because the species is stripped with sulfuric acid with a molar ratio of 1:1, the concentration

of H2SOs in the stripping feed could be calculated with:

c _ Cmtarget,out,3
H2 SO4,in,3 - M
M (3)

The flowrate of the sulfuric acid into the stripping stage can be derived with the following

Equation:

Q _ nM.out,org,l
H2 SO4,in,3 -
CH,S04,in,3 “4)

With the flowrates of stripping solution and the scrubbed organic solvent, the needed O/A
ratio for stripping could be derived by dividing them. The molar flow of the species coming
out of stripping is the same as coming in, since 100 % stripping is assumed. If the sulfate
salt of the scrubbed species is used to make the scrubbing solution, the needed material will
be cut from the product. The needed molar flow for the scrubbing solution can be derived

using the following Equation:

CSS,aq,in,Z Qout,org,l

Nss,inaq2 = ( Mg ) * ( (0/4), ) (5




The molar flow of the species coming out from the scrubbing can be calculated with the

following Equation.

nM,out,aq,Z = nM,m,org,Z + nSS,m,aq,Z - nM,out,org,Z (6)

Finally, the recycling percent of the target species in the process can be calculated by

comparing the molar flow in the scrubbing outlet and the molar flow coming into the process.

MM out,aq,2
Xy = 100% » — 2242
Ny in,aq,1

(7)

This equation can be then opened, combining the previously presented equations.

Cor Css.aq,i Q ¢
iy Qmaas) + (D * C 75 ~ CH7  Qoueors)

Cm,in1

M—M * Qin,aq,l (8)

Xy = 100% *

Further, replacing the scrubbing solution abbreviations (SS) to the one of the metal species
(M), as they are the same and deriving the flowrates from the feed solution coming into the

loading stage we get:

0
i : Qina 1 * (_)
CM,in1 CM,aq,in2 ,aq, A 1y CM,out,org,2 Q
XM =100% * ( MM * Qin,aq,l) + (( MM ) * ( (O/A)Z )) ( MM * (Qin,aq,l * (A)l))

Cm,in1

v * Qin,aq,l (9)



Removing the common factor (- * Qin,aq1) We get:
M

(0/4),

CM,in,aq,l + (CM,in,aq,Z * ((O/A)z)) - (CM,out,org,Z * (O/A)l)

Xy = 100% * (10)

CM,in,aq,l
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