DISSERTATIONES
CHIMICAE
UNIVERSITATIS
TARTUENSIS

235

SILVESTER JURJO

Separation of rare earth elements
from Estonian phosphorite ore using
liquid extraction followed by
electrochemical reduction




DISSERTATIONES CHIMICAE UNIVERSITATIS TARTUENSIS
235



DISSERTATIONES CHIMICAE UNIVERSITATIS TARTUENSIS
235

SILVESTER JURJO

Separation of rare earth elements
from Estonian phosphorite ore using
liquid extraction followed by
electrochemical reduction

b

UNIVERSITY orF TARTU
Press

—
o —
O E——

T —
1=



Institute of Chemistry, Faculty of Science and Technology, University of Tartu,
Estonia

The dissertation was accepted for the commencement of the degree of Doctor of
Philosophy in Chemistry on October 28th, 2024, by the Council of Institute of
Chemistry, University of Tartu.

Supervisors: Professor Enn Lust, PhD
University of Tartu, Estonia

Research Ove Oll, PhD
University of Tartu, Estonia

Opponent: Prof. Dr. Pawel J. Kulesza, University of Warsaw, Poland

Commencement: December 20th, 2024 at 10.15, Ravila 14A-1020, Tartu
(Chemicum) and Microsoft Teams

This research was funded by the Estonian Ministry of Education and Research
(projects no. PRG676, PSG249), the Education and Youth Board projects OUF12
and OUF13, and by the EU through the European Regional Development Fund
Centers of Excellence, TK210 (01.01.2024-31.12.2030).

Funded by Investing
the European Union in your future

ISSN 1406-0299 (print)
ISBN 978-9916-27-727-0 (print)
ISSN 2806-2159 (pdf)

ISBN 978-9916-27-728-7 (pdf)

Copyright: Silvester Jiirjo, 2024

University of Tartu Press
www.tyk.ee



TABLE OF CONTENTS

1. LIST OF ORIGINAL PUBLICATIONS .....ccctevteriinirreneneereneerenieeeenees
2. ABBREVIATIONS AND SYMBOLS .......ccoooiiiiiiiiiiiieeeen
3. INTRODUCTION.....coitiiiiiiiiteieeeete ettt

4. LITERATURE OVERVIEW ......ooiiiiiiiee e
4.1. Rare earth elements............ccceririiieiinieee e
4.2, TONIC LQUIAS .eovvievieiiieieeieeie ettt ettt e sneeseeenseeseens
4.3. Processing methods for rare earth elements.............ccceeveveeeeieenneennne.

4.3.1. Hydrometallurgical TOUte ............covververeerienreerieeniee e sie e
4.3.2. Electrochemical TOULE.........ccceevuiririenieniniencreeeeeeceee

4.4. Electrochemical characterization techniques............ccccocevveeciveenneennne.
4.4.1. Cyclic VOItamMMELIY .......eeeeerieeiieeiie e cciee e eee e e sveeesvee e
4.4.2. Constant potential teChnique .........cccccverevercirriieerieereesie e
4.4.3. Electrochemical impedance SpectroSCOPY.......cccveerveerreerueereenne

4.5. Microscopic and spectroscopic characterization techniques...............
4.5.1. Inductively coupled plasma mass spectroscopy (ICP-MS) and
microwave plasma atomic emission spectroscopy (ICP-AES).

4.5.2. XRD and XRF methods .......ccccceeieieniinieieniiieeceeee e

5. EXPERIMENTAL ..ottt
5.1, Liquid @XtraCtion .....cccveerieeriienieeieeieeieeieesieeseeeseneseeenseesseessnesanesnsennns
5.1.1. Raw materials and chemicals in liquid extraction experiments ..
5.1.2. Modification of Aliquat 336 with 2.5 M KNOs.......cceeeeevenneeen.
5.1.3. Feed solutions in liquid extraction experiments........................
5.1.4 EQUIPIMENT ...cueiiiiiiiiiieeciee ettt etae e e s
5.1.5. Experimental conditions...........ccceevvveereveeeeieenireenieeesveeevee e
5.2. Electrochemical separation ...........c.cceevereveecieecienieiieerieesieeseesneseneenns

5.2.1. First set of experiments — electrochemical separation
of praseodymium from praseodymium trinitrate salt................

5.2.2. Second set of experiments — electrochemical separation

of yttrium from other REEs using phosphorite ore as
the starting material...........ccocceevienieriiieiieeee e
5.3. Microscopic and spectroScopic analysis .........ccccceeecveercreeenveeecneeennen.

6. RESULTS AND DISCUSSION ......ooiiiiiiieeiteiesieete e
6.1, Liquid eXtraction ......cccueeseieriierieeieeieesieeseeeteereeteesteesseeseeesnseenseeseens
6.1.1. First extraction step for U, Th, and Tl removal from
concentrated nitric acid media.........ccoeeeeerenieieniniee e
6.1.2. Extraction of REEs from Partially Neutralized Nitric
ACIAd MeIa....oueieiiiiieiieee et
6.1.3. Extraction of REEs from 3M hydrochloric acid media.............
6.1.4. Extraction of other elements than REE from 3M hydrochloric
ACIA MEAIA ...eeiiiiieiee s



6.2. Electrochemical separation ............ccceeeveeeeieeeriieenieiesiie e esveeevee e 29
6.2.1. Electrochemical separation of praseodymium from

praseodymium trinitrate salt SOIUtion...........cecceeeverciencnennenne. 29

6.2.2. Electrochemical separation of yttrium from phosphorite ore.... 33

7. SUMMARY ..ottt ettt e et ae s 39
8. REFERENCES ... ..ot 40
9. SUMMARY IN ESTONIAN .....oooiiiiieiee ettt 48
10. ACKNOWLEDGEMENTS .....oiiiiiieeeeee et 50
11. PUBLICATIONS ..ottt et 51
CURRICULUM VITAE ...ttt 86
ELULOOKIRIELDUS......cttiieieiiiieieeeetee ettt ne s 87



1. LIST OF ORIGINAL PUBLICATIONS

I Jiirjo, Silvester; Siinor, Liis; Siimenson, Carolin; Paiste, Pdédrn; Lust, Enn.
Two-Step Solvent Extraction of Radioactive Elements and Rare Earths from
Estonian Phosphorite Ore Using Nitrated Aliquat 336 and Bis(2-ethylhexyl)
Phosphate. Minerals 2021, 11 (4), 388

Il Jiirjo, Silvester; Oll, Ove; Paiste, Pddrn; Kiilaviir, Marian; Zhao, Jinfeng;
Lust, Enn. Electrochemical co-reduction of praseodymium and bismuth from
1-butyl-1-methylpyrrolidinium bis(fluorosulfonyl)imide ionic liquid. Electro-
chemistry Communications 2022, 138, 107285

Il Jiirjo, Silvester; Oll, Ove; Lust, Enn. Yttrium Separation from Phosphorite
Extract Using Liquid Extraction with Room Temperature lonic Liquids
Followed by Electrochemical Reduction. Metals 2024, 14, 927

Author’s contribution:

Paper I: Investigation, Methodology, Writing — original draft.

Paper II: Investigation, Methodology, Writing — original draft.

Paper I1I: Paper II: Investigation, Methodology, Writing — original draft.



AC

AES
Bi(OTH);
BMPyrrFSI
Co

Cp

Cr

Cs

CvV

DC
D2EHPA
DFT

EC

EDS

EIS
HREE
ICP-MS
i

IL

j

ko

ks

ke

LREE
MP-AES

REE

RTIL
SEM
TFSI

ZI
ZH

2. ABBREVIATIONS AND SYMBOLS

alternating current

atomic emission spectroscopy
bismuth(III) trifluoromethanesulfonate
1-Butyl-1-methylpyrrolidinium bis(fluorosulfonyl)imide
concentration of oxidized form

parallel differential capacitance
concentration of reduced form

series differential capacitance

cyclic voltammetry

direct current

bis(2-ethylhexyl) phosphate

density functional theory

equivalent circuit

energy dispersive X-ray spectroscopy
electrochemical impedance spectroscopy
heavy rare earth elements

Inductively Coupled Plasma Mass Spectrometry
electrode current

ionic liquid

electrode current density

standard heterogeneous rate constant
heterogeneous rate constant for oxidation
heterogeneous rate constant for reduction
light rare earth elements

Microwave plasma atomic emission spectroscopy
oxidized form of the standard system
reduced form of the standard system

rare earth elements

room temperature ionic liquid

scanning electron microscopy
bis-trifluoromethylsulfonylimide
impedance

real part of impedance

imaginary part of impedance



3. INTRODUCTION

Rare earth elements (REEs) are strategic critical materials [1,2] As REEs, their
alloys and compounds possess important technological properties, and therefore,
they are applicable in many areas of modern energy technology. Since the demand
for some REEs can be estimated, there might be a supply risk. This thesis focuses
on the development of a novel recovery method for REEs from Estonian phos-
phorite ore using liquid extraction followed by electrochemical separation.

Liquid extraction is a chemical separation method when two immiscible liquid
phases are brought into the contact immiscible liquid phases are brought into
immiscible liquid phases are brought into contact, and some elements transfer
from one phase to another. By changing the extraction conditions, extraction
results can be tuned in a desirable way.

Electrodeposition is a method of gathering different elements into a working
electrode during electrochemical reduction. Electrodeposition results can mainly
be tuned by electrolyte composition and applied voltage.

The main aims of this study were:

a) Propose optimal methods for separation of REEs from phosphorite ore using
liquid extraction [I, I1T]

b) Study the mechanism of electrodeposition when a stock solution of one
selected element had been used and perform successful electrodeposition of
that element [1I]

¢) Study the mechanism of electrodeposition when preliminary purification of
natural phosphorite ore had been performed and perform successful electro-
deposition of selected element [I11]

The different combined processes were characterized by inductively coupled
plasma spectroscopy (ICP-MS), cyclic voltammetry (CV), electrochemical impe-
dance spectroscopy (EIS), chronoamperometry, energy-dispersive X-ray spec-
troscopy (EDS), atomic emission spectrometry (AES) and scanning electron
microscopy (SEM).



4. LITERATURE OVERVIEW

4.1. Rare earth elements

Rare earth elements (REEs) are strategic critical materials [1,2] as they possess
important electrocatalytic [3], optoelectronic [4], permanent magnetic [5], and
advanced energy storage properties [6,7]. Therefore, REEs are applicable in many
areas of modern energy technology, including solid oxide energy conversion
devices (fuel cells and electrolysis cells) [8—10], information technology, trans-
port systems (fuel cell components and catalysts for soot combustion), and che-
mical technology including catalytic reforming of crude oil to gasoline and diesel
fuels, metal organic chemistry etc. The application of REEs is increasing even
more quickly in industry because all traditional and novel industrial applications
are using more and more REEs, examples of which include wind turbines, photo-
voltaic perovskite type devices, efficient dc motors, explosion-free hydrogen
storage complex metal hydrides, fuel cells and electrolyzers (polymer electrolyte
membrane and solid oxide fuel cells and electrolyzers, alkaline and direct metha-
nol fuel cells), complex catalysts for traditional gasoline, diesel production, as well
as for modern chemical polymers, synthetic fuel industry and bioelectrochemical
devices.

The estimated production of rare earth metal oxides was 350,000 metric tons
in 2023. Heavy rare earth elements (HREE) are in much bigger demand compared
to light rare earth elements (LREE) (such as lanthanum and cerium). For example,
in 2020, there were nearly one billion cars; thus 700,000 tons of Nd is needed
only to replace this number of cars one day.

China has been and is the world’s greatest supplier of REEs, which may
influence supply stability. To overcome any supply risk, we need to develop and
implement high-technology recovery alternatives [11-14], as well as more envi-
ronmentally friendly raw material processing [15-19].

Traditionally, REEs are separated by molten salt electrolysis or liquid extrac-
tion methods, which create adverse environmental and economic impacts. Molten
salt electrolysis causes significant electricity consumption by generating huge
quantities of CO, equivalents. Traditional hydrometallurgical methods create
water and soil contamination, and a significant amount of organic solvent waste
needs to be disposed of. Modern scientific research in this field focuses on finding
less harmful alternatives, such as the use of ionic liquids for the treatment of
REEs.

In addition to recycling different REE-containing devices, recovery from phos-
phate rock minerals might relieve an increasing demand for some REEs. REEs
have been observed in many phosphate rocks, mainly in monazite, xenotime,
loparite, apatite, and ion-absorbed clay [18,20,21]. Some researchers have poin-
ted out that phosphate rock might be a new source for REEs due to its huge, about
300 billion tons reserves worldwide [12,22-24]. The chemical composition of
phosphorite is complex since [25-30], along with REEs, significant numbers of
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calcium and phosphorus trace elements (d-metals, sp-metals, distributed rare
metals) occur at various levels in phosphate rock. Some heavy REEs (HREEs)
existing in phosphate rock are highly desired. For the efficient separation of
HREEs, light REE, along with Y and most other trace elements, should at first be
separated during the phosphorite ore processing stage [31-36].

Estonia has the biggest, though unexploited, phosphorite ore deposits in Europe.
These resources might be exploitable commercially for phosphate fertilizer pro-
duction, but results of the current study indicate that some chemical elements
(U, Th, T1) should be separated from Estonian phosphorite as byproducts before
producing the phosphorus fertilizers.

Removing REEs from phosphorite ore is also important from the point of view
of environmental and food safety. The dissolution of phosphorite fertilizers is
slow, and some toxic and radioactive cations tend to accumulate in the soil [37—
40], which is why stricter regulations are being established.

4.2. lonic liquids

The ionic liquids (IL) are compounds composed solely of cations and anions in
liquid state below 100 °C[41,42]. Salts that are liquid at room temperature are
called room-temperature ionic liquids (RTIL). ILs are considered environmentally
friendly reactants and can be used for the extraction of REEs from solutions of
natural ores [43].

Novel ionic liquid-based extraction methods of REEs, combined with unique
complex forming agents such as well-designed multi-dental ionic liquids, from
pre-treated enriched raw complex mineral acidic solutions, have been under inten-
sive development since 1990 [44,45]. However, the application conditions for
novel extraction methods have only been developed for some REEs. In addition,
the kinetics of complex formation and extraction have been under-studied in the
literature, with relatively few current studies and analyses available. However,
kinetic information plays an important role in selecting well-working equipment
and separation conditions for the design of industrial production lines[46,47].

It should be stressed that it is possible to perform electrolysis at 60-90 °C,
thus at a much lower temperature. This reduces the environmental impact and in-
creases the energy efficiency of REEs production and the final cleaning process.
Some selected ILs show good electrochemical stability over a wide potential
range. lonic liquids are also a good alternative because they do not release
hydrogen during electrolysis. One more possible advantage of ILs is the
versatility and possibility to synthesize ILs with unique properties, thus
enhancing the selectivity of the extraction and electrolysis process [43]. The ionic
liquids can be cleaned and restored using strong mineral acids and thus applied
many times.

At present, electrolysis in ILs is primarily conducted in laboratory-scale
research or as part of pilot projects since numerous obstacles must be overcome
before any large-scale industrial application in the REEs industry is feasible
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[48,49]. Many ILs are moderately expensive. Despite their high electrochemical
stability, redox processes occur during electrolysis, which degrade the ILs. Some
researchers have recently reported electrodeposition of various rare-earth metals
using a bis-trifluoromethylsulfonylimide (TFSI)-based ionic liquid. Experiments
have been conducted within the temperature range from room temperature to
100 °C [50,51]. Different materials have been used for the working electrode, in-
cluding copper, platinum and glassy carbon [52-55]. Pyrrolidinium- or phos-
phonium-based ILs have been employed [55,56]. In this research, a pyrrolidinium-
cation-based ionic liquid has been chosen due to its high cathodic stability
[57,58].

4.3. Processing methods for rare earth elements

4.3.1. Hydrometallurgical route

Extensive literature analysis about REE processing and recovery shows that the
first studies in phosphate rock processing were made in the Soviet Union about
90 years ago [21,59]. Since that time, the acid leaching with sulfuric acid, nitric
acid, hydrochloric acid and phosphoric acid has been developed, followed by
different recovery routes such as crystallization and precipitation, ion exchange
and multistep solvent extraction. The issue with sulfuric acid is that it forms
phosphogypsum, trapping 50-65% of REEs, and only 50-35% of REEs will be
collected into the phosphoric acid aqueous solution Extraction of REEs from
phosphogypsum is a very complicated multistep process (treatment with concen-
trated KOH for initial dissolution of phosphogypsum, thereafter with concen-
trated HNOs.) being a time and energy consumption process generating moderate
quantities of waste.

The solvent extraction method seems to be the most promising technology for
large-scale environmentally friendly REEs separation since other methods con-
sume a lot of energy, generate huge quantities of waste products, and the collected
REEs contain different impurities [60,61].

It should be noted that the separation of an individual REE is a very complicated,
energy- and time-consuming task [62,63]. During the liquid extraction process,
many other elements co-extract together with REE; the most noticeable example
is the co-extraction of uranium and thorium [64]. These elements threaten the
environment and nutritional safety if they are not removed during phosphate rock
processing for phosphorite fertilizers. Some researchers have reported co-extrac-
tion of radioactive elements together with REE [65,66]. Some research groups
have conducted extraction experiments with natural phosphate rock acid leachate,
while some research groups use REE stock solutions, which represent the content
of REEs in natural phosphate rock [15,18,21,25,67]. As the current study indi-
cates, extraction results, thus extraction efficiency and separation factors, obtained
and calculated for stock solutions are not always comparable with extraction

12



results from phosphate rock acid leachate due to the different complicated chemical
composition of solution prepared by dissolution of phosphate rock in HNO3, HCI
or HNOs+ HCI aqueous solutions. The chemical content of natural phosphate
rock is significantly more complicated, and systematic studies are inevitable for
the separation and extraction of all useful elements.

Estonian phosphorite ore contains at least 59 trace metal elements along with
residual mineral materials [29]. In order to achieve preliminary separation of REE
from other elements, liquid extraction was performed. Liquid extraction is a rapid
and cost-effective method for initial separation of different elements before
applying electrochemical techniques [68].

Liquid extractant such as bis(2-ethylhexyl) phosphate (D2EHPA) can be used
for separating REE from phosphorous ore acid leachate [69]. Nitric acid, hydro-
chloric acid leachate was used during current experiments. Depending on acidity
of leachate, different REEs can be separated from each other. In more acidic
leachate, higher atomic mass HREE transfers to an organic phase, leaving light
REE elements into a water phase. Therefore, liquid extraction began with a more
acidic solution to transfer higher REE to the organic phase and isolate them from
light REEs. The water phase with lighter REEs was dry evaporated. The dry
material was dissolved again in less concentrated HNO; acid and extracted with
D2EHPA. Stripping from D2EHPA to the water phase can be performed with
concentrated nitric or hydrochloric acid. REEs (tri)nitrates or tri(chlorides) can
be obtained after dry evaporation of the water phase. For electrochemical
cleaning process, obtainment of trinitrates was preferred.

Many other elements can be eliminated from raw material during liquid-liquid
extraction. Especially important is the removal of radioactive uranium and thorium
[70-72], to increase the safety of handling the REE materials. However, liquid
extraction is not entirely selective. Many other elements remain with REEs. For
example, calcium is a major element in phosphorite ore, and it remains a major
element in trinitrate salts after extraction and stripping. In order to remove dif-
ferent elements from REE, electrochemical separation was conducted [73].

4.3.2. Electrochemical route

Traditionally, clean rare-earth metals are produced industrially using molten salt
electrolysis [74—76]. This process is highly energy-intensive since very high tem-
peratures are required [77]. An alternative route is to perform electrolysis from
room-temperature ionic liquids (ILs) [78,79]. ILs are considered to be environ-
mentally friendly [45,80,81] and it is possible to perform electrolysis at lower
temperatures (up to 100 °C), reducing the environmental impact. ILs also show
good electrochemical stability over a wide potential range [45,82,83]. For final
cleaning and deep separation of individual REEs, usually high-temperature
electrolysis in eutectic mixture of LiCl + KCI (at 680-900 °C) has been used,
needing once again huge quantities of electricity. REEs cannot be electrolyzed
from the water solution due to hydrogen evolution occurring at less negative
potential compared to the reduction potential of REE cations.
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Electrodeposition of REEs requests the use of a non-aqueous electrolytic
medium, such as molten salts, organic solvents, or ionic liquids (ILs) [53,84-87].
Molten salt electrolysis of REEs is a branch of pyrometallurgy and is currently
the primary process for REEs production [88]. Molten salts were studied due to
their potential benefits, including high solubility, diffusion coefficient, conduc-
tivity, low viscosity, and rapid electrode reaction. However, they have high corro-
sion activity and high energy consumption due to high-temperature operation.
Therefore, organic solvent-based electrolytes are also sometimes selected as
electrolytes for electrodeposition of REEs. The characteristics of organic solvents
are as follows: they have large polarizability, good conductivity of solutions, high
concentration of metal ions in solution, moderate to high current efficiency, and
low cost. Furthermore, organic solvent solutions, in comparison with aqueous
solutions, offer several unique advantages. These include no impact on hydrogen
production, high activation energy for reaction with an active electrode material,
and sometimes easy electrodeposition of REE metals. Nevertheless, they are
generally poisonous, inflammable, and volatile and have a low conductivity,
limiting their applications [77].

Regarding electrodes, most previous studies have used either copper or
platinum working electrodes. In this study, a polycrystalline gold electrode and
platinum electrode were utilized as the working electrode to enhance surface
catalytic effects [89].

4.4. Electrochemical characterization techniques

4.4.1. Cyclic voltammetry

Cyclic voltammetry is commonly used as the first electrochemistry experiment
to acquire qualitative and quantitative information about electrochemical systems
[90,91]. In the CV method, the electrode potential, E, is cycled with a constant
scan rate between most negative and most positive designated potential values,
and the current value is recorded. The resulting current vs. potential plot, the
cyclic voltammogram, gives an overview of the reduction or oxidation processes
of electrochemically active species at the interphase of working electrode and
electrolyte [92].

4.4.2. Constant potential technique

An instrument known as a potentiostat has control of the voltage across the
working electrode-counter electrode pair, and it adjusts this voltage to maintain
the potential difference between the working and reference electrodes (which it
senses through a high-impedance feedback loop) in accord with the program
defined by a function generator. One can view the potentiostat alternatively as an
active element whose job is to force through the working electrode whatever cur-
rent is required to achieve the desired potential at any time. Since the current and
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the potential are related functionally, that current is unique. Chemically, it is the
flow of electrons needed to support the active electrochemical processes at rates
consistent with the potential. Thus, the response from the potentiostat (the current)
actually is experimentally observable.

In general, a controlled fixed potential experiment carried out for the electrode
reaction

O+e2R (M

where O stands for oxidized form and R for reduced form of the standard system,
kr heterogeneous rate constant for reduction and ky, heterogeneous rate constant
for oxidation, can be treated by invoking the current-potential characteristic:

i = Fak’[Co(0,t)e =¥ EE*)_ Cp(0,t)e A= (B-E)] )

where F stands for Faraday constant, A area of the electrode, ko standard hetero-
geneous rate constant, Co concentration of oxidized form and Cr concentration
of reduced form and o transfer coefficient.

In conjunction with Fick’s laws, which can give the time-dependent surface con-
centrations Co(0, t) and Cr(0, f). Therefore the faradic processes characteristics
can be established and analyzed. [92,93]

4.4.3. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy and alternating current impedance
method have grown in popularity in recent years [94-98]. Initially applied for the
determination of the EDL capacitance and in AC polarography, nowadays they
are often applied to characterize processes at complex interfaces. Electrochemical
impedance spectroscopy (EIS) studies the system response to the application of
a periodic small amplitude AC voltage signal by measuring the current through
the electrochemical cell. Analysis of the system response contains information
about the interface, its structure and reactions taking place at the interface
[99,100].

During the experiment sinusoidal perturbations are applied to the electro-
chemical system:

E(t) = EoA sin(wt), 3)

where E(t) is the potential at time t, EA is the potential amplitude, o is the angular
frequency with a relationship to frequency fin Hz: © = 2=nf. The current response
I(t) will be a sinusoid at the same frequency but shifted in phase in case of capa-
citive or inductive interfaces:
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I(t) = IoA sin(ot + @), 4)

where I(t) is the current at time t, IA is the current amplitude and is phase angle
shift by which the voltage follows the current. According to the Ohm’s law, the
impedance is defined as the ratio of voltage and current

Z = E@)/1(t). )

Impedance has magnitude and phase angle and thus is a vector quantity. There-
fore, it is convenient to be presented as

Z =ZoA (cos @ +isin @) =Z'+iZ", (6)

where i= V-1, Z' is real part of impedance, and Z" the imaginary part of the
impedance [100-102].

The EIS method is destructive in principle, meaning that a small AC voltage
signal is applied to the interface which induces a counteracting AC current to
stabilize the interface. By applying signals of differing frequencies, processes
taking place with different time constants can be probed. In general, for electro-
chemical systems, three main non-distributed fundamental processes that can be
ascribed are: resistive (such as faradic charge transfer) corresponding to a 0-degree
phase shift between the voltage and current signals; diffusion (such as classical
Fick’ian semi-finite length diffusion of reactants) corresponding to a —45-degree
phase shift, and capacitive (such as purely electrostatic, adsorption rate limited
electrical double layer formation with capacitance C) processes that show a
—90-degree shift between the AC voltage and current signals. The dependence of
the interfacial resistance on applied signal frequency can be calculated from the
measurement and plotted in a complex plane whereby the real part of the resis-
tance Z' (o) shows the resistive and the imaginary part Z” (w) shows the capa-
citive part of the interfacial resistance. Calculated complex resistance plots based
on certain electrical equivalent circuit (EC) elements can be fitted to the experi-
mental data, with each component representing one physical process that takes
place at the electrochemical interface. Dependent upon the measurement quality,
each set of data can be described by ECs and the quality of the fit can then be
evaluated based on statistical fitting error. Each possible physical process
ascribed to an interface can be represented as a separate element (or combination
of elements for diffusion) in the overall equivalent scheme and its validity can be
tested based on its effect on the overall fitting error. If the addition of a free
variable does not decrease the overall fitting error by at least 50%, it is considered
to not be a descriptive part of the overall equivalent scheme that characterizes the
interfacial processes [103]. By ascribing all the possible physical processes that
can occur at the interface and testing their validity, one can derive an overall
equivalent scheme that best fits the measurement results and thus the occurring
interfacial processes.
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4.5. Microscopic and spectroscopic
characterization techniques

4.5.1. Inductively coupled plasma mass spectroscopy (ICP-MS) and
microwave plasma atomic emission spectroscopy (ICP-AES)

Inductively coupled plasma spectroscopy (ICP-MS) and microwave plasma atomic
emission spectroscopy (ICP-MS) are powerful methods for the detailed chemical
analysis of samples with complex chemical compositions and structures. ICP-MS
and ICP-AES can be used for the quantitative analysis of different metal cations
in acidic solutions of phosphorite ore, as well as in extracted solutions of various
REEs in stripped aqueous solution. For the detailed quantitative analyses, the
standard solutions will be measured to calibrate the device. The samples have
been prepared using 2% aqueous HNO; and the metals concentration around
Smg/L have been analyzed using Agilent 4210MP-AES. [30,93]

Major oxides in phosphorite ore can be analyzed via inductively coupled plasma
atomic emission spectrometry (ICP-AES) using a Perkin Elmer OPTIMA 3300
RL. The acid digestion can be performed using a mixture of HNO3-Br,-HF-HCI.
The loss on ignition value was determined when the samples were heated at
1100 °C for 1 h. For potentially toxic metals determination, ~0.25 g of powdered
and dried samples were studied via inductively coupled plasma atomic mass
spectrometry (ICP-MS) using a PerkinElmer Elan 6100 DRC after digestion in a
mixed solution (HClO4-HNO;-HCI-HF). The analytical values obtained were
within the 95% confidence limits of the recommended values for this certified
material.

4.5.2. XRD and XRF methods

X-ray diffraction is the simplest and quickest method for characterizing the surface
structure, structural phases and crystallographic structure of the deposited rare
earth metal layer and the working electrode before the electrodeposition of REEs
[104]. XRD can be used to identify metal phases, oxides, carbides, or metal nano-
structural deposits on carbon, gold, and stainless steel electrodes.

The effective crystallite size d(Scherrer) can be estimated from the diffraction
pattern of the powder. Rare earth metal layers deposited can be visualized by
scanning electron microscopy (SEM) and analysed for chemical composition using
X-ray energy dispersive (EDX) methods. Metal layers and particles deposited can
be more accurately visualized at a nanometer scale using high-resolution trans-
mission electron microscopy (TEM) in combination with selected area electron
diffraction (SAED) or electron energy loss spectroscopy methods (EELS). Another
powerful method for investigating the deposited material is Raman spectroscopy,
which can be used for the detailed characterization of different carbon working
electrodes before the electrodeposition of REE or REE — Bismuth alloys. For
chemical analyses, X-ray fluorescence spectroscopy (XRF) can be used [105].
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5. EXPERIMENTAL

The overall conception of the experimental part is depicted in Fig 1. Phosphorite
ore is leached in strong nitric or hydrochloric acid and then filtered. Preliminary
leachate purification involves liquid-liquid extraction to separate REEs from
other elements. Different groups of REEs can be separated depending on extraction
conditions. After the stripping step, the rare earth elements transfer to aqueous
phase and can be collected by water evaporation. Some other elements remain in
the dry material and need to be further separated. This study proposes electro-
chemical purification. The dry material obtained is dissolved in an electrolyte
solution containing ionic liquid and Bi*" ions. Rare earth elements are separated
from other elements by electrodeposition. A bismuth and REE bi-metallic layer
form on the working electrode surface. The final separation of Bi from REEs
needs to be done.
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Figure 1. Overall separation process of REE from phosphorite ore natural sample starting
from liquid extraction of raw material to the electrochemical separation.
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5.1. Liquid extraction

5.1.1. Raw materials and chemicals in liquid extraction
experiments

Samples of concentrated phosphorite ore from Estonian Iru outcrop were obtained
from geological collections of Tallinn University of Technology, and samples of
Ulgase outcrop were obtained from geological collections at the Institute of
Ecology and Earth Sciences, University of Tartu. Trioctylmethyl ammonium
chloride (Aliquat 336), HNOs, bis(2-ethylhexyl) phosphate (D2EHPA) and
NaOH were purchased from Merck. HCl was purchased from Honeywell and
KNOs3 was purchased from Lach-ner. (All chemicals had the purity of analytical
grade.) The structure of the extractants is depicted in Figure 2.

a) HaC b) CH3
H3C\_/_<:
CH,
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Figure 2. The structures of (a) trioctylmethyl ammonium chloride (A336) and (b) bis(2-
ethylhexyl) phosphate (D2EHPA).

5.1.2. Modification of Aliquat 336 with 2.5 M KNOs

To achieve better selectivity for REEs and reduce extractant viscosity for quicker
mass transfer, Aliquat 336 was treated with potassium nitrate to exchange CI”
with NO;™. In most cases, A336[NOs] was diluted with an organic solvent such
as n-heptane, xylene, or kerosene [15,106]. However, undiluted A336[NOs] has
also been used, as in the paper by Larsson and Bienemans [18]. In addition to
extracting REEs, A336[NOs] has also been used to extract other metals like
vanadium from chromium-containing solutions [107]. To prepare A336[NOs],
Aliquat 336 was pre-equilibrated 3 times with 2.5M KNOs for at least 1 h each
time.

5.1.3. Feed solutions in liquid extraction experiments

In our experiments, we used two various phosphorite ore solutions and one
REE[NOs]; stock solution to test our extraction technology:

a) In the first experiment, a phosphorite ore solution and a REE[NOjs]; stock solu-
tion were made. For phosphorite ore solution, 2.46 g of concentrated phosphorite
powder from Estonian Iru deposit was dissolved in 100 mL 7.5M HNOj; aqueous

19



solution for 24h at room temperature. The solution was then filtered to remove
any undissolved substances. For REE[NOs]; stock solution, REE[NOs]s trinitrate
salts were dissolved in dilute nitric acid to prepare a 1-liter solution with a pH of
1.5. The pH of the stock solution was measured using an Elmetron pH meter
CP-411. The compostitions of the stock solutions prepared from selected
REE[NOs]; salts are listed in Table 1.

Table 1. List of millimolar concentrations of selected REEs in REE[NOs]3 salt stock
solution used for testing extraction performance of A336[NOs].

REE trinitrate salt Concentration
La(NOs);#6H,0 0.94 mM
Ce(NO3);06H,0 0.98 mM
Pr(NO3);e6H,0 0.69 mM
Gd(NO:3),06H,0 0.60 mM
Tb(NO;3);e6H,0 0.69 mM

b) In the second experiment, a 10.5 g sample of phosphorite ore powder from the
Ulgase deposit was dissolved in 100 mL of 3 M hydrochloric acid.

5.1.4. Equipment

For the quantitative analysis, REEs and trace elements in untreated solution and
extracted solution samples have been established using Agilent 8800 QQQ ICP-
MS in NoGas mode regime. Various metal cations such as 45Sc, 89Y, 137Ba,
139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho,
166Er, 169Tm, 172Yb, 175Lu, 232Th and 238U have been quantified from
aliquots diluted 400-fold with 2% HNO; aqueous solution before analysis. All
extraction experiments were carried out in 100 ml plastic separation funnels.

5.1.5. Experimental conditions
a) Experimental conditions during the first liquid extraction experiment.

The main focus of this study has been on the extraction efficiencies of undiluted
nitrated Aliquat 336 (A336[NOs]) and undiluted D2EHPA has been the focus of
this study. In the first extraction step, samples of concentrated Estonian phos-
phorite ore were dissolved in 7.5M nitric acid and then extracted using undiluted
A336[NOs;] or undiluted D2EHPA. The aqueous feed solution and extractant
were consistently maintained at a 9:1 (aqueous/organic) ratio in all cases. The
mixture was shaken carefully in a separation funnel for 1 min and then kept silent
for 1 h to reach equilibration. The resulting raffinate was extracted 2 more times
with a fresh amount of A336[NOs] to facilitate a more thorough extraction of U,
Th, and T1.
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Reaction equilibrium for A336[NOs] extraction can be expressed as Eq. 7:
M3 (aq) + y(RsN*CH3)NOs (IL) + 3 NO5 (aq) 2 (RsNCH3)M(NOs)y:3 IL (7)

Where M*" designates the metal cation, (R;N*CH3)NOs 1. represents A336[NOs]
and (RsNCH3;)M(NOs)i represents metal cation and ionic liquid complex. IL
represents ionic liquid phase and aq aqueous phase.

Equilibrium constant K can be rewritten as:

(R3NCH3)M(NO3)y+3 1L

Kea™ 12 ey RsNTCHaNO; UL +(N03 )% (aa) ®)
Reaction equilibrium for D2EHPA extraction can be expressed as Eq. 9:
M3 + 3 [HA], 2 [MA;(HA)s] + 3 H* 9)

Where M** represents the metal cation, [HA] is the extractant in the organic phase;
and [MA3(HA);] represents the metal-extractant complex in the organic phase.

Equilibrium constant K4 can be rewritten as:

[MA3 (HA)3]+[H ]’

Kea™ e fmn

(10)
Only one extraction step was performed with D2EHPA due to the very high
extraction efficiency achieved. In the next step, raffinate was saponified with 1M
NaOH to reach a pH of 1.5, and then REEs were extracted once again using the
same extractant. The raffinate sample was quantitatively characterized after each
extraction step using the ICP-MS (Inductively Coupled Plasma Mass Spectro-
metry) measurement method. A comparative parallel extraction experiment was
conducted using a stock solution (i.e., a mixture of different REE[NO;] salts with
a precisely known chemical composition) in order to quantitatively control the
results obtained for REE tests. REE[NO:s] salts were dissolved in moderately
diluted nitric acid (pH of a solution was 1.5) and extracted with A336[NOs]. No
further experiments with obtained materials were performed after the first liquid
extraction experiment.

b) Experimental conditions during the second liquid extraction experiment.

The study has focused on the separation of Y and REEs from natural phosphorite
ore samples, followed by Y separation from other REEs.. The 10.5g sample of
phosphorite ore from the Ulgase deposit was dissolved in 3 M hydrochloric acid
aqueous solution for 5 min at room temperature and then filtered to remove any
undissolved substances to prepare an acidic feed solution. A total of 50 mL of
acidic feed solution was extracted with 5 mL of D2EHPA using a plastic sepa-
ration funnel. The mixture was shaken for 1 min and then left undisturbed for
15 min to equilibrate. The D2EHPA solution of REEs and Y, obtained from the
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extraction stage, was transferred to a new separation funnel and stripped with
50 mL of concentrated nitric acid. The solution mixture was shaken for 1 min and
then left undisturbed for 15 min to equilibrate.. The aqueous phase was separated,
H»O was evaporated, and nitrates of various elements were obtained. Aqueous
phase samples were collected before and after the extraction as well as after the
stripping experiment, to conduct the ICP-MS measurements. A mixture of different
nitrates obtained from stripping was used in the electrochemical experiments.

Reaction equilibrium and equilibrium constant for D2ZEHPA extraction can be
expressed as Egs. 9 and 10, respectively.

5.2. Electrochemical separation

Electrochemical separation has been conducted in two different sets of experi-
ments. In the first set of experiments our proposed electrodeposition method was
tested. Pr trinitrate salt was dissolved in a mixture of propylene carbonate and ionic
liquid, and after the electrochemical studies, Pr was reduced to the working elec-
trode in the metallic state. In the second set of experiments, a dry material obtained
after the liquid extraction of the phosphorite ore and stripping was electrochemi-
cally studied. For practical reasons, Y separation was conducted from other REEs.
All experiments must yield an answer regarding the possibility of electrochemically
separating individual REE elements or element subgroups after conducting pre-
liminary purification of phosphorite ore during the liquid extraction phase.

Another crucial question pertains to the significance and role of Bi cations in
the electrolyte solution, enabling the reduction of any REE at the working elec-
trode surface.

5.2.1. First set of experiments - electrochemical separation
of praseodymium from praseodymium trinitrate salt

5.2.1.1. Three-electrode electrochemical cell

A mechanically polished polycrystalline gold disk with a surface area of 0.2 cm?
was used as the working electrode, a high surface area Pt net served as the counter
electrode, and carbon fiber served as the pseudo-reference electrode. All measure-
ments were carried out in a three-electrode electrochemical cell at a constant
temperature of 298 K (room temperature) unless otherwise stated.

5.2.1.2. Electrolyte

For detailed calibration, praseodymium trinitrate hexahydrate (99.9% trace metal
basis, Sigma-Aldrich) was dried under an argon atmosphere at 100 °C for 24 h to
remove as much residual water as possible. Bismuth(III) trifluoromethanesulfo-
nate (Bi(OTf)s, 99%) was purchased from Alfa Aesar. 1-Butyl-1-methylpyrro-
lidinium bis(fluorosulfonyl)imide (BMPyrrFSI), (99.5%, H,O <50 ppm, Solvio-
nic) was used as a solvent and electrolyte for the electrochemistry experiments.
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5.2.1.3. Electrochemical characterization

Cyclic voltammetry and electrochemical impedance spectroscopy were used to
investigate the electrochemical characteristics of the system using an Autolab
PGSTAT 320 with FRA II. All measurements were carried out inside a glove box
MBRAUN LabMaster 130 Glovebox (H>O <1 ppm, O, <1 ppm). Electro-
chemical impedance spectroscopy measurements were performed first, then the
cyclic voltammetry experiments, and finally the electroreduction of Bi and Pr
cations in chronoamperometric mode. Potential cycling rates up to 50 mV/s were
applied. Impedance spectra were measured within the frequency range from 10
to 10* Hz with a 15 mV ac modulation amplitude.

5.2.2. Second set of experiments - electrochemical
separation of yttrium from other REEs using phosphorite
ore as the starting material

5.2.2.1. Raw materials and chemicals

Samples of Estonian concentrated phosphorite ore from Ulgase outcrop were
acquired from geological collections of the Institute of Ecology and Earth
Sciences at the University of Tartu.

HNO;s was purchased from Sigma-Aldrich, HCI from Honeywell, bis(2-ethyl-
hexyl) phosphate (D2EHPA) from Merck, propylene carbonate (PC) from Sigma-
Aldrich, bismuth(Ill)trifluoromethanesulfonate ((Bi(OTf)s;, 99%) from Alfa
Aesar and (BMPyrFSI) from Solvionic, (99.95%, HO <50 ppm). All chemicals
have the purity of analytical grade, unless otherwise specified. Structures of PC,
Bi(OTf); and BMPyrFSI have been presented in Figure 3.

a) b) c) /™
/ : O
o) o) F3C- S o Bi® CH; FF—T:O

Figure 3. Structures of chemical compounds used in electrochemical separation. a) Pro-
pylene carbonate b) Bismuth trifluromethanesulfonate (Bi(OTf);) c¢) 1-Butyl-1-methyl-
pyrrolidinium Bis(fluorosulfonyl)imide.

5.2.2.2. Feed solution

0.12 g dry evaporated sample obtained from the liquid extraction using D2EHPA
was dissolved in 3 ml propylene carbonate. 0.09 g (50 mM) Bi(OTf); was added
and dissolved, finally 0.18 g (0.2 M) BMPyrFSI was added to the solution
and dissolved. The solution was prepared under the argon atmosphere in the
glovebox at room temperature. The solution was then used in electrochemical
deposition experiments. For the higher selectivity of electrochemical deposition
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experiments, the dry evaporated sample mass was lowered to 0.03 g while the Bi
concentration was lowered to 10 mM.

5.2.2.3. Equipment

For the quantitative analysis of REEs and trace elements in untreated solution and
extracted solution sample have been established using Agilent 8800 QQQ ICP-
MS in N>O gas mode regime.

Electrochemical measurements were carried out in a three-electrode electro-
chemical cell at room temperature. Chemically purified Pt, modified in situ with
a Bi electrodeposited layer from Bi(OTf); solution, was used as the working elec-
trode. A high surface area Pt net served as the counter electrode, and carbon fiber
was used as the pseudoreference electrode.

The cyclic voltammetry and electrochemical impedance spectroscopy methods
were used to investigate the electrochemical characteristics of the completed
electrochemical system using Autolab PGSTAT 320 with FRA II. All measure-
ments were carried out inside a glove box MBRAUN LabMaster 130 Glovebox
(H20 <1 ppm, Oz < 1 ppm) filled with Ar.

5.2.2.4. Experimental conditions

Dry material was transferred to the glove box under the argon atmosphere and
heated additionally inside the glovebox at 70 °C for 24 hours to remove residual
water as much as possible. Then the material was cooled down to room tempera-
ture before being dissolved in propylene carbonate inside the glass vial. The
mixture was stirred with a magnetic stirring bar at 600 rpm for 1 hour to dissolv
the solid material (REEs). (Bi(OTf); was then added and stirred for 1 hour.
Finally, ionic liquid (BMPyrFSI) was added and stirred for 15 minutes.

After dissolution, the mixture was transferred into an electrochemical cell for
electrochemical experiments. Electrochemical impedance spectroscopy measure-
ments were performed at first, the CV curves were then recorded, and finally, the
electroreduction of Bi and Y cations in chronoamperometric mode was per-
formed. Potential cycling CV curves were measured at potential scanning rate of
50 mV/s, and impedance spectra were measured within alternative current fre-
quency range from 0.01 to 10 000 Hz with 15 mV ac modulation amplitude.
Cathodic potentials of —2.0, —2.3 and —2.6 V were applied during electroreduction
at chronoamperometric mode for 24 h. Samples of solution were taken before and
after electrochemical experiments for detailed I[CP-MS analysis.

5.3. Microscopic and spectroscopic analysis

Electron microscopy was performed in high vacuum mode using a Zeiss Evo
MAT1S variable pressure electron microscope equipped with an Oxford AZTEC
energy dispersive X-ray spectroscopy (EDS) detector. Microwave plasma atomic
emission spectroscopy (MP-AES) was performed using an Agilent 4210 MP-AES.
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6. RESULTS AND DISCUSSION

6.1. Liquid extraction

6.1.1. First extraction step for U, Th, and Tl removal from
concentrated nitric acid media

6.1.1.1. Extraction with A336[NOs]

Results of the current study indicate that it was possible to extract U, Th, and T1
from the concentrated nitric acid medium using A336[NO;]. The cumulative
extraction efficiencies after three consecutive extractions were 85% for uranium,
66% for thorium, and 99% for thallium [29]. The extraction process was very
selective for U, Th and T1, with no co-extraction of other elements. However, the
extraction efficiencies of REE were significantly smaller compared to those
established using D2EHPA. The only exception was thallium, which was extrac-
ted only by nitrated Aliquat 336. From this, it can be concluded that Aliquat
336[NO;s] is suitable, but not the best option for removing U, Th, and TI. The
extraction of REEs from concentrated nitric acid media using A336[NOs] has
been discussed by Kumari et al. [17]. It has been suggested that the use of EDTA
(ethylenediaminetetraacetic acid) promotes the extraction of REEs. Since no
complexing agents were used in the current study, low REE extraction efficiency
can be a result.

6.1.1.2. Extraction with D2EHPA

The extraction of U and Th was highly efficient in concentrated nitric acid using
D2EHPA as an extractant. The extraction efficiency of D2EHPA showed superior
extraction efficiency compared to nitrated A336, except for Tl, which was not
extracted with D2EHPA at all. Other toxic elements such as Cd, and Pb were not
extracted with D2EHPA. However, the extraction selectivity of D2EHPA was not
as good as selectivity with A336[NO;]. Some HREEs were extracted along with
U and Th, showing similar extraction behavior. Most REEs were not extracted at
all and the selectivity of D2EHPA could still be regarded as very good.

6.1.2. Extraction of REEs from Partially Neutralized
Nitric Acid Media

6.1.2.1. Extraction with A336[NQOs]

As these results in Figure 4 show, the extraction efficiency of REEs from partly
neutralized nitric acid solution with A336[NOs] was very low, indicating the
A336[NOs] was not a suitable option for REE extraction. To further investigate
the extraction performance of A336[NOs], some REEs from the stock solution of
selected REE nitrate salts were extracted using A336[NQOs]. This time, extraction
efficiencies were much higher, with all efficiency values ranging between 57-61%.
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The significant differences observed between the real and stock solutions could
be explained by the very complicated chemical composition of Estonian phosphate
ore, which contains, in addition to U, Th, T1, and REEs, many other metals. Compe-
titive effects in extraction may occur as a result.

m Concentrated nitric acid with D2EHPA
Partly neutralized nitric acid with D2EHPA
m Partly neutralized nitric acid with A336[NO3]
m A336[NO3] REE salt stock solution
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Figure 4. Extraction efficiencies of REEs using D2EHPA and A336[NOs] as the extrac-
tants from phosphorite ore nitric acid solution and extraction efficiency of A336[NOs]
from a stock solution of selected REE nitrates (content described in Table 1. 7.5M nitric
acid designates the concentrated acid and raffinate at pH 1.5 value designates diluted
nitric acid media. The time of extraction was 1 h. Extraction was performed at room
temperature. Undiluted D2EHPA and A336[NO;] were used as extractants.

6.1.2.2. Extraction with D2EHPA

As these results in Figure 4 show, very high extraction efficiency was calculated
for all REEs from dilute nitric acid solution. Extraction efficiency from concen-
trated nitric acid solution is better for HREE and negligible for LREE. Thus, for
selective extraction of HREE, concentrated nitric acid is the best option. It is
important to mention that many other elements will be extracted with REE both
in dilute and nitric acid media. For the result see Figure 5. Additional separation
need to be conducted for selective REE isolation.
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Figure 5. Extraction efficiencies of REE and other selected elements from phosphorite
ore concentrated and dilute nitric acid solution using D2EHPA as an extractant. 7.5M
nitric acid designates the concentrated acid and raffinate at pH of 1.5 value designates
diluted nitric acid media. The time of extraction was 1 h. Extraction was performed at room
temperature. Undiluted D2EHPA was used as an extractant.

6.1.3. Extraction of REEs from 3M hydrochloric acid media

As the results in Figure 6 indicate, extraction from 3M hydrochloric acid solution
using D2EHPA as extractant separates Y from light rare earth elements (La-Gd)
efficiently. Light REEs remain int the aquoeus phase while Y accumulates in the
organic phase. Y is one of the major elements in the initial solution, comparable
with Ce, Nd and La. All light REEs have remained in the aquoeus phase during
extraction, and Y has become a dominant element in the organic phase. Thus, very
good separation of Y from other REEs has been achieved during the extraction.

Table 2. Concentrations of Y and other REEs in initial 3M hydrochloric acid aqueous
solution and after the extraction in the D2EHPA phase.

Cy initial, Corg, Cy initial, Corg,
Element ppb ppb Element ppb ppb
Sc 353 267 Gd 5847 -
Y 36 471 22 371 Tb 852 136
La 16 751 - Dy 5132 1 647
Ce 39 128 - Ho 1008 487
Pr 4916 - Er 2612 1751
Nd 21518 229 Tm 296 262
Sm 4 479 - Yb 1 441 1410
Eu 1 037 36 Lu 177 176
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The concentration of hydrochloric acid has a significant impact on the extraction
profile. As it it seen in Figure 6, extraction from less concentrated hydrochloric
acid than 3M would increase Y extraction efficiency, while introducing lighter
REE into the organic phase. Extraction from more concentrated hydrochloric acid
than 3M would introduce more heavy REE to the organic phase, which is an
adverse effect for the best Y separation. Thus, for the best Y separation selectivity
with acceptable efficiency 3M hydrochloric acid concentration seems to be a
good compromise.

Stripping of Y using concentrated nitric acid is not very effective with only
8.5% of Y transferring from the organic phase back to the aqueous phase. The
process is also not selective for REEs, as many REE are transferred back to the
aqueous phase to some extent. Still, it is worth to noting that most heavy REEs
(such as Yb, Lu) mostly remain in the organic phase even when stripping is per-
formed with concentrated nitric acid. Stripping with 7.5M hydrochloric acid
would give much higher Y stripping efficiency[29]. Since obtainment of Y(NO3);
was preferred for following electrochemical treatment (deposition onto electrodes),
nitric acid stripping was performed to improve results through repeated steps.
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Figure 6. Extraction efficiencies for REEs using D2EHPA as the extractants from
phosphorite ore xM hydrochloric acid solution, x denoted in the figure. The time of
extraction was 1 h. Extraction was performed at room temperature. Undiluted D2EHPA
was used as extractant.
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6.1.4. Extraction of other elements than REE from
3M hydrochloric acid media

The phosphorite ore sample contains many elements, so not only Y and REE will
be extracted or stripped. Calcium is the major element in natural phosphorite ore
samples, and it remains the major element in the dry material obtained after extrac-
tion, stripping and dry evaporation. Apart from calcium, elements such as Mg, Al,
Fe or Mn are still much more abundant in the natural sample compared to Y. De-
spite the significant enrichment of Y other elements besides REEs still need to be
isolated from Y. Precipitation of Ca is usually not a suitable option since REEs tend
to precipitate along with Ca, resulting in no separation. Therefore, for final purifi-
cation, the electrochemical separation of Y from other elements has been suggested.

6.2. Electrochemical separation

6.2.1. Electrochemical separation of praseodymium from
praseodymium trinitrate salt solution

In Fig. 7(a) the CVs for neat BMPyrrFSI at room temperature (25 = 1 °C) demon-
strate electrochemical stability across a wide range of potentials (up to 4.5 V).
The oxidation peak of the gold working electrode surface is seen at E =+1.0 V,
with the corresponding reduction peak of gold oxides at E = +0.5 V, indicating
the quasi-reversible nature of the Au surface oxidation process. Upon adding 30
mM Pr(NO3); to the BMPyrrFSI IL (close to the saturation limit in the IL at room
temperature), no significant reduction peaks of Pr have been observed (Fig.7 a).
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Figure 7. (a) CV curves of polycrystalline Au electrode measured at 298 K in BMPyrrFSI
(neat) and with addition of Bi(OTf); and Pr(NOs3)s salts dissolved in BMPyrrFSI; (b) CV
curves for BMPyrrFSI with addition of 10 mM Bi(OTf); and 30 mM Pr(NOs3); measured
at different temperatures, noted in Figure.
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The reduction peaks at E=-2.0 V; —2.65 V and -3.0 V are likely related to the
reduction of Pr’*-ionic liquid anion complexes with different structures (with
varying number of anions in the complex or the stepwise reduction of this
complex). Thus, the reduction of Pr’" is suggested to occur as a stepwise process
when a Bi salt is added to the IL containing Pr** nitrate. The separation of peaks
becomes more pronounced as the temperature and current density increase. The
precise mechanism behind this phenomenon requires additional study involving
DFT computations and molecular dynamics modeling [108].

Since Pr’* may reduce on Bi layers or previous Pr metallic layers, there are
several possibilities that could explain the additional reduction peaks. The in-
crease in temperature significantly increases the reduction rate of Pr’* cations, but
it also increases the parasitic Faradaic processes and contributes to the electro-
chemical breakdown of the IL. Bi can be easily separated by melting out from the
Bi-Pr solid deposit through a thermal treatment at a temperature higher than 300°
C in a clean N; atmosphere.

After CV experiments, EIS measurements were performed to monitor the
condition of the interface between Au working electrode and IL. As seen in Fig. 8a,
the shape of the Nyquist plot depends on the electrode potential applied. At

=—0.6 V nearly ideal capacitive behavior is observed.
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Figure 8. (a) Nyquist plots and (b) frequency dependence of the ratio of parallel capa-
citance (C,) to series capacitance (Cs) for Au electrode in the BMPyrrFSI +10 mM
Bi(OTf)3+ 30 mM Pr(NO;)s system at 298 K (measured at fixed potentials as indicated in
the figure).

The Bode phase angle vs log f plots indicate that only at very low AC frequencies,
there is some deviation towards mixed kinetics. In an ideally polarizable system,
phase angle values equal to —“90° must be observed, but at very low frequencies,
there is a slight deviation with phase-angle values higher than —90°. At more
negative Au electrode potentials, there is a noticeable shift toward mixed kinetics,
which involves slow adsorption and slow mass transfer. At E = —1.0 V, the
phase-angle values at low-frequencies approach —45°, indicating mixed-kinetic
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processes. Lower phase-angle values have been measured at low frequencies at

=-2.0and E=-2.6V, characteristic of slow mass-transfer and Faradaic charge-
transfer mixed kinetics as limiting steps. Specifically, this refers to the electro-
reduction of Bi*" and Pr** cations at the Au electrode.

In Fig 8a, the Nyquist plot at E=—2.6 V indicates the electroreduction of Bi**
and Pr’* cations at the Au surface. It shows a typical semicircular shape, which is
characteristic of mass transfer-limited Faradaic processes. In Fig. 8(b), the ratio
of parallel to series capacitance of the Au BMPyrrFSI + 30 mM Pr(NOs); and
10 mM Bi(OTf)s system is shown. These values are close to unity (>0.95) over a
wide frequency and potential range, even at E = -2 V, indicating that the Au-IL
interface is nearly ideally polarizable over a wide potential range. Only at very
low ac frequencies do slow Faradaic processes determine the kinetic behavior of
the system under study, as indicated by the low ratio (<0.7) of parallel to series
capacitance. At E=-2.6V, the system is limited by mid-frequency mass-transfer
and low-frequency charge-transfer processes. This is indicated by the ratio of
parallel to series capacitance less than 0.8 and less than 0.1, respectively.

After conducting EIS and CV studies, the Bode phase-angle plot has shifted
towards lower frequencies, indicating an increase in the capacitance of the working
electrode. This suggests that Bi has formed a layer on the Au electrode, acting as
a binding layer and slightly increasing the active surface area of the working
electrode due to the very well expressed surface roughness after the the deposition
of Bi and Pr [109].

To further investigate, a long lasting study involving the reduction of Pr**
together with Bi*" cations was carried out in chronoamperometric mode for 10 h
at fixed constant potential (E =-2.65 V) as shown in Fig. 9.
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Figure 9. Chronoamperometric curve for the co-reduction of Pr** and Bi** at an Au
electrode. During deposition, the electrode potential was held constant at E=—2.65 V vs.

a carbon fiber pseudoreference electrode in the same solution , and the temperature was
298 K.
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The temperature was maintained at 298 K, and the solution was stirred at 100 rpm
to enhance mass transport and accelerate the accumulation of Bi and Pr on the Au
electrode surface By reducing the diffusion layer thickness. Throughout the
experiment, a cathodic current density ranging from —250 pA/cm? (corresponding
to only Bi*" reduction) and 600 pA/cm? (corresponding to reduction of both B™**
and Pr*") was consistently observed, indicating high electrochemical activity. Fol-
lowing the experiment, a dark layer of deposited metals was noticed on the Au
working electrode. However, this dark precipitate also detached from the working
electrode into the IL solution and settled at to the bottom of the cell. This behavior
is also reflected in the jagged lines of the chronoamperometric curve. So, it can
be inferred that Bi forms the initial layer on the Au working electrode surface due
to its lower electroreduction potential, and subsequently, reduced Pr binds to the
Bi layer to some extent. The working electrode surface saw a continuous co-pre-
cipitation of Bi and Pr metallic particles. However, because of the mismatch of
the lattice constants of Au, Bi and Pr, the polycrystalline Au electrode couldn’t
consistently bind the reduced metals, causing them to separate from the working
electrode surface. As a result, only a small portion of the co-precipitated metals
remained on the working electrode surface, and most of the produced materials
ended up at the bottom of the electrochemical cell.

Solution with sedimented matter collected from the electrochemical cell was
then centrifuged at 5000 rpm in ethanol and washed with deionized water. The
results of SEM-EDS analysis of the collected matter are shown in Fig. 10.
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Figure 10. Elemental analysis of the sedimented matter performed by the SEM-EDS
method, and SEM picture of the electrode surface after deposition of Bi and Pr.
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Pr and Bi were detected, indicating co-precipitation of Bi and Pr. The surface of
the working electrode was then rinsed with ethanol, and all precipitated substance
was dissolved in concentrated nitric acid for about 10 s until no precipitate was
left on the working electrode. The concentrations of Pr in the initial and final
solutions of Pr(NOs); and Bi(OTf); in BMPyrrFSI were measured. The final
solution was vortexed carefully to homogenize it. The concentration of Bi*" was
not measured by MP-AES. As seen in Table 1, only 29.25% of Pr’* was left in the
final solution. At the same time, only 3.15% of Pr was permanently deposited and
thereafter extracted from the working electrode surface with HNOj; solution.
Since reduced Pr can only be found at the working electrode or in the sediment
obtained from the bottom of the electrochemical cell, it can be summarized that
67.6% of the Pr is in the sediment at the bottom of the electrochemical cell. In
total, 70.75% of the Pr’* was reduced during the electrochemical extraction pro-
cess. The coulombic efficiency for reducing Pr'* ions has been calculated to be
over 80% in experiments conducted at 298 K. The results show that most of the
Pr was reduced from Pr’" to the Pr’ metallic state. However, this only happens
when Bi** is also present in the solution. At the same time, it is clear that the
working electrode cannot bind and hold the deposited material. Most of the re-
duced material fell off the working electrode and precipitated to the bottom of the
electrochemical cell. Given that the majority of the Pr falls to the bottom of the
cell, it is reasonable to collect the obtained material through centrifugation and
additional cleaning. Furthermore, it is still necessary to remove any IL from the
final product and to separate Bi from Pr. The remaining Pr’* that has not been
deposited can be extracted in the subsequent electrodeposition step after adding
a new portion of raw Pr’* solution into the IL. Since metallic praseodymium is
not stable in ambient air, the final product would be praseodymium oxide (Pr,03).

6.2.2. Electrochemical separation of yttrium from
phosphorite ore

6.2.2.1. Cyclic voltammetry results for concentrated Y and REEs solution

Fig. 11a shows the cyclic voltammograms (CVs) of the electrochemical deposi-
tion solution H. It is shown that the electrodeposition of Bi starts at E=—-0.8 V
and is a reversible process with an oxidation peak at E=—-0.6 V corresponding to
the stripping of Bi. It is also seen that the electroreduction of Y and other metals
starts at significantly lower potentials with an electroreduction peak at E=-2.6 V.
Based on our preliminary unpublished results conducted with pure Y(NO3)s salt,
this results from the electrodeposition on the Y metal and is correlated with the
oxidation peak seen at E = —0.3 V, corresponding to the electrostripping of de-
posited Y.

The electroreduction of HREEs started at E <—-2.9V, but this process was not
fully studied (the current peak was not fully developed) as the electroreduction
process of Y was our main interest at this time. In the CV, the curve scanned
toward less negative potentials, and the oxidation of metals started at E= —0.9
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to —0.8 V. In addition, the quasi-reversible oxidation peaks between E=—-0.9 V
to —0.8 V for the oxidation of Bi to Bi*" and at E=-0.4 V for Y to Y*" are relevant
to the oxidation of deposited Bi and Y. The data for Bi’*" show that there is a
normal difference between Eox — Ereg, = 180-200 mV potentials, and thus is cha-
racteristic of the 3-electron redox process.

The electro-oxidation process of Y demonstrates a very high difference bet-
ween the Eox—Ered (i.€., very high overvoltage) characteristics of a nearly irrever-
sible process, similar to the results discussed by Bagri et al. [110].

When the electroreduction of the sample is measured below the Bi redox pro-
cess potential range (Fig. 11a curve 2), significantly higher electrodeposition
currents were observed for the electrodeposition of Y below E= -2.2 V. This
shows that the electroreduction of Y and other metals from the sample is signi-
ficantly enhanced without the disturbance of the redox deposition and stripping
of the porous Bi adlayer.
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Figure 11. a) Cyclic voltammograms for 0.2 M BMPyrFSI + 50 mM Bi(OTF); + PC +
REEs extraction solution at potential scanning rate 50 mVs™' in two different potential
regions. b) Chronoamperometry data for 0.2 M BMPyrFSI+ 50 mM Bi(OTF)3 +REE
extraction solution at E=2.6 V during 27 h of electrodeposition.

Data in Fig. 11a shows that for an optimized mixture of BMPyrFSI + PC sepa-
rately containing extracted REEs, (without Bi(OTF)3;) the reduction current
started to increase only at very negative potential E<-2.2 V. Thus, for precedingly
Bi coated Pt electrode (curve 2) the nearly ideal polarizable region was around
2.0 V, in good agreement with data demonstrated in our published paper [30].
There are no very well-developed oxidation peaks for Bi coated Pt electrode in a
Y(NOs); containing solution. When examining the CV data for the Y(NO3);
dissolved in a mixture of BMPyrFSI + PC + Bi(OTf)s, a distinct reduction peak
for Bi*" cations is observed at —1.2 V, along with a less pronounced reduction
peak at E = —1.4 V. A well-defined peak is also observed at E = -2.6 V, which
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is associated with the reduction of different forms of PC-bound Y*" cations.
However, it seems that the low current does not benefit the high efficiency of Y**
electroreduction from the complex natural phosphorite sample with the addition
of Bi(OTF)s.

It was found that using a preliminary Bi-modified Pt electrode resulted in
higher electroreduction currents for Y** cations, leading to more efficient reduc-
tion of Y** from extracted Y-REEs nitrate solutions (data in Fig. 11a). Additionally,
it was observed that for a quicker and more pronounced electroreduction of Y*",
a higher current can be applied if there is no Bi*" in electrodeposition solution.

It should be noted that the CV for the extracted REE sample dissolved in the
IL mixture shows a much higher current (Fig.11a). This high current is not un-
expected, as the CV was performed on a Pt electrode coated with Bi and ex-
hibiting very high surface roughness values [48]. The Bi-coated Pt electrode was
prepared in a mixture of BMPyrFSI + PC + Bi(OTf);, and after multiple CV
cycles, it displayed an amorphous dark metal layer with high porosity.

After electrodepositing Y onto the Bi-modified Pt electrode, the electrode was
removed from the solution at E =—-2.0 V and then rinsed with PC to remove dis-
solved chemicals. The CV result (orange curve in Fig. 11a) was obtained on the
newly coated Pt electrode in the mixture of BMPyrFSI + PC + REEs concentrate.
The pre-coated bismuth layer not only increases the effective surface area but also
solely contributes to the separation process for post-performed Y reduction, as
supported by Abdallah et al. [109]. When compared with the CV for the pristine
sample dissolved in the mixture of BMPyrFSI + PC + Bi(OTf); (Fig.12a), the
negative potential limit for the extracted sample dissolved in the mixture of
BMPyrFSI + PC is detected at a more negative potential due to the decrease in
the surface activity of the working electrode (Pt modified with Bi layer) surface
activity. This is also the reason why we chose the maximal negative electro-
deposition potential of Y at —2.6 V.

6.2.2.2. Chronoamperometry (i vs t) results

In section 6.1, it is noted that although the phosphorite ore has a complex che-
mical composition, extraction and stripping procedures somewhat help to
concentrate the Y content from the natural phosphorite sample. Thus, in order to
increase the separation efficiency, the final electrodeposition of Y was performed
at fixed constant potentials E = —2.0; —2.3; —2.6 for 1 h. The current in the i-t
curve (Fig.12b) initially decreased during the first 2500 s. Subsequently, a steady
current ranging from —0.06 mA to —0.09 mA was maintained between 2500 s and
3600 s. After 3600 s, there was a sharp current drop, which can be attributed to
the rapid depletion of Y** and REEs cations concentration near the electrode
surface. This decrease in surface concentration is due to the quicker electro-
reduction compared to the stationary mass-transfer rate of cations from the non-
stirred solution phase to the electrode surface, i.e., into the reaction zone. A
noticeably faster decrease in deposition current was observed for mixtures
containing 10 times diluted Y(NOs); and REE(*") cations, as demonstrated in
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—2.0V (Fig.12b) is attributed to the de-

Fig. 12b. The increase in cathodic current at longer deposition times (t>1600 s)

for E=-2.3V compared to data at E

position of Bi, Y and other REE metals with more negative redox potential than

Bi*", and Y*".
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Figure 12. Cyclic voltammetry (i vs E) curves at 50 mVs—1 potential scanning rate (a)
chronoamperometry (i vs t) curves at constant potentials —2.0 V and —2.3V (b), complex
impedance plane (Nyquist) plots (c), and the ratio of parallel capacitance (C,) to series

capacitance (Cs) vs. log (frequency) plots at potentials, given in figure (d) for the Pt
electrode in 10 mM Bi(OTF)3 + 0.2 M BMPyrFSI in PC with addition of REEs extraction

solution.
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The working electrode surface initially appears dark sue to a Bi-coating, but a
much darker color becomes evident within the first thousand seconds of electro-
reduction in RTIL + Y** + REEs solution. The consistently low current range
indicates slow mass-transfer kinetics at the interface. In contrast to our previous
article on Bi and Pr co-reduction onto the working electrode surface [28], in some
experiments, Y was deposited separately after the completion of the Bi reduction
step. It’s worth noting that unlike Bi+ Pr deposition, most of the dark precipitate
remains on the electrode surface (>70%), a noticeable amount of reduced metals
deposits at the bottom of the electrochemical cell (<20%), and only a small
portion of Y*>* and other REE*" cations can be observed in the electrolyte solution
(10%).

6.2.2.3. Impedance analysis

Nyquist (-Z"" vs Z") plots presented in Fig 12¢ and C,/C; vs. log f plots in Fig.12d
show that the electrode potential has noticeable influence on the processes nature
and rate limiting processes taking place at Bi modified (electrodeposited) Pt
working electrode. At E = —0.3 the shape of Nyquist plot is characteristic of
ideally polarizable electrode demonstrating nearly blocking electrode behavior at
very low frequencies. At —0.4V <E <-1.2V systematic increase of deviation of
system from ideally polarizable interface takes place. At E=—1.2V, two de-
pressed semicircles (Fig.12c) at frequencies higher than 0.1Hz, characteristic of
slow mixed-kinetics processes (slow adsorption and slow mass-transfer step
limited processes) have been established. The first semicircle is very narrow, and
it practically disappears with the increase of negative electrode potential. The
second semicircle is heavily depressed, and the wideness decreases with the
increase of negative potential of Bi covered electrode. At very low frequencies
the nearly linear areas with the nearly 45 degrees slope. characteristic of the mass-
transfer limited step processes can be seen. The C,/Cs vs. log f plots shape,
demonstrated in Fig 12d, very noticeably depends on E applied. At E=-0.3 V
nearly ideally polarizable behavior has been observed. At E=—1.2 V, the curve
with two maxima has been observed. The first peak at 100Hz corresponds to the
mixed kinetic mas-transfer and charge transfer process and maximum at 3—5 Hz
is characteristic of mixed kinetic process connected with slow mass-transfer step
inside of porous Bi layer with very high surface roughness, studied already by
Romann et al.[111], because the E is not so negative needed for electroreduction/
deposition of Y at electrode surface. At lower frequencies the very slow mass-
transfer and charge transfer limited processes with phase angle value —22.5
degree have been observed. With the increase of negative potential value from
E=-1.6V to E=-2.0V systematic shift of processes toward mixed charge transfer
and mass-transfer processes takes place. At E=-2.0 V, the Nyquist plot (Fig.12c)
and C,/C; vs. log f plots shape (Figs 12d) is controlled by the slow mixed kinetic
charge transfer at high frequencies, but at lower frequencies the typical mixed
kinetic behavior with slow mass-transfer and charge transfer kinetics (up to
f<0.1 Hz) takes place.
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6.2.2.4. Selectivity experiments

From the selectivity experiments, it was shown that E <-2.0 V is required for Y
deposition. Thus, many additional elements, such as Fe (>90%), Cu (>85%), Mn
(>90%), Zn (>80%), and, importantly, Sr (>95%), will be deposited prior to Y at

=-2.0 V during 4 h. This means that fewer chemical purification steps will be
necessary when electrodeposition is conducted in multiple steps.

Our previous studies [30] indicate that bismuth plays an important role in the
electrochemical reduction process of REEs electroreduction. Bismuth reduction
from Bi*" cation to a zero-valence metallic state occurs at a less negative poten-
tial, forming the first layer at the Pt electrode’s surface and acting as a binder for
the other metals that are reduced and deposited onto the Bi-modified electrode
surface. The experiment results with praseodymium trinitrate salt, along with
Bi(OTf); in ionic liquid electrolyte, indicated that a reduction of the Pr3+ cation
only occurs if the Bi*" cation is present. Hence, the formation of a Bi-Pr bi-
metallic layer was suggested [28]. But differently from Pr’* reduction, when con-
sidering Y** reduction, the position Y(0) does not delaminate from the Bi-modified
Pt electrode’s surface. However, after electroreduction, many other REEs delami-
nated from the Bi(0)-modified electrode’s surface, exhibiting a very high surface
roughness [30] and porosity with a very amorphous and soft structure.
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7. SUMMARY

A two-step extraction method for the separation at first of U, Th, Tl, and then all
rare earth elements from the phosphorite ore has been developed using tri-n-
octylmethylammonium nitrate noted as A336[NO;]) and bis(2-ethylhexyl)
phosphate (D2EHPA) as the extractants. The extraction efficiency for radioactive
elements and all REEs with D2EHPA from concentrated nitric acid and partly
neutralized nitric acid media was found to be very high. Based upon the solvent
extraction studies, dry examples of extracted concentrated phosphorite ore have
been obtained and used further in electrochemical extraction experiments.

It has been demonstrated that praseodymium metal can be electrochemically
deposited onto a gold working electrode from praseodymium trinitrate solution
in RTIL if Bi*" cations are added to the mixture. The cyclic voltammetry data
shows two cathodic peaks for praseodymium cation electroreduction at E=—-1.25
and —2.6 V, indicating the electroreduction of Pr’* to Pr’. This reduction likely
occurs through stepwise stabilized intermediate oxidation states. Around 70% of
the reduced praseodymium precipitated from the initial solution of Pr(NO;3); and
Bi(OTf); in BMPyrrFSI after a 10-hour electrolysis in chronoamperometric
mode.

Electrochemical deposition of Y from the Estonian Ulgase phosphorite ore
concentrated sample has been demonstrated. After the preliminary liquid
extraction Y was successfully deposited onto a Bi modified platinum working
electrode at E = -2.6 V. Before Y or REEs can be electrochemically deposited,
B-group metals and Sr can be extracted from the solution by electrochemical de-
position at E = -2 V. It was shown that this extraction method can be highly
efficient as well as selective when well-controlled different electrodeposition
conditions are applied.
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9. SUMMARY IN ESTONIAN

Haruldaste muldmetallide eraldamine fosforiidimaagist kastudes
vedelikekstraktsiooni meetodit ning sellele jargnevat
elektrokeemilist redutseerimist

Haruldased muldmetallid ja selle {ihendid on erinevate omaduste tottu kaasaegse
tehnoloogia jaoks kriitilise tdhtsusega materjalid. Kuna ndudlus mone haruldase
muldmetalli elemendi jargi on kasvutrendis, voib tekkida olukord kus pakkumine
ei suuda katta ndudlust. Kédesoleva doktoritoo eesmérgiks on vélja pakkuda uudne
moodus haruldaste muldmetallide eraldamiseks Eesti fosforiidimaagist, kasu-
tades esimeses etapis vedelik ekstraktsiooni ning seejérel elektrokeemilist redut-
seerimist.

Vedelik ekstraktsiooni kédigus viiakse omavahel kokku 2 segunematut vede-
likku, mille tulemusena moned elemendid liiguvad lébi piirpinna teise vedeliku
faasi. Ekstraktsiooni tingimuste muutmisega on vdimalik eraldada huvipakkuvad
elemendid iilejdéinud materjalist.

Elektrokeemiline sadestamine on meetod, kus kindlad elemendid redutseeri-
takse elektroodi pinnale. Elektrokeemilise sadestamise tulemusi saab peamiselt
mdjutada elektroliiidi koostise ning rakendatud elektrilise pinge abil.

Kéesoleva doktorit66 eesmarkideks on

a) Pakkuda vilja parim vedelikekstraktsiooni meetod haruldaste muldmetallide
eraldamiseks fosforiidimaagist (I, I1I)

b) Uurida elektrokeemilise sadestamise mehhanisme juhul kui elektroliiiit sisal-
dab vaid iihte valitud haruldase muldmetalli soola ning viia 1dbi selle elemendi
elektrokeemiline sadestamine (1)

¢) Uurida elektrokeemilise sadestamise mehhanisme juhul kui elektroliiiit sisal-
dab endas materjali, mis on saadud fosforiidimaagi eelneva puhastamisega
vedelik ekstraktsiooni meetodil ning sadestada elektroodile valitud haruldase
muldmetalli element. (I11)

Uurimistoos kasutati kombineeritud meetodite tulemusi moddeti indutseeritud
plasmaspektroskoopia (ICP-MS), tsiiklilise voltamperomeetria (CV), elektro-
keemilise impedantsspektroskoopia (EIS), kronoamperomeetria, energia hajutava
rontgenspektroskoopia (EDS), aatomemissioonspektroskoopia (AES) ja skan-
neeriva elektronmikroskoopia (SEM) abil.

Uurimistdd kéigus arendati vélja kahe-etapiline vedelikekstraktsiooni meetod,

mille kdigus eraldati U, Th, TI ning seejarel haruldased muldmetallid. Ekstrahen-
tidena kasutati oktiitilmetiililammooniumnitraati (A336[NO3]) ning bis(2-etiiiil-
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heksiitilfosfaati) (D2EHPA). Radioaktiivsete elementide ning haruldaste muld-
metallide eraldamise efektiivusus oli D2EHPA kasutamisel ekstrahendina viga
korge.

Uhe kindla haruldase muldmetalli soola sisaldava elektroliiiidi eksperimendis
viidi edukalt 1dbi Pr sadestamine kuldelektroodile. Olulise tulemusena on toodud
vélja vismutkatioonide olemasolu tihtsus elektroliiiidis. Tsiikliline voltampero-
meetria tuvastas kahe katoodse piigi olemasolu mis viitab, et Pr redutseerumise
—1,25 V ja —2,6V juures toimub mitmes etapis. Peale 10 tunni pikkust elektro-
keemilist sadestamist kronoameromeetria reziimil oli elektroliiiidi lahusest
(Pr(NO3); + Bi(OTf); + BMPyrrFSI) vilja sadenenud ligikaudu 70% esialgsest
praseodiiiimi kogusest.

Uurimistdds eraldati edukalt esialgsest Ulgase fosforiidi kontsentraadi
proovist element Y. Peale fosforiidi proovi puhastamist esimeses etapis vedelik-
ekstraktsiooni meetodil sadestati vismutiga modifitseeritud plaatinaelektroodile
elemendiline Y (E=-2,6V juures)
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