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ABSTRACT

Nihonium is classified as a superheavy element and is only produced artificially
through nuclear reaction in a particle accelerator. Its chemical properties are largely
unknown and the chemical experiments involving nihonium are very challenging and
require a system that is sustainably fast and reliable. The study of nihonium homologs,
indium and thallium, was carried out to provide the basis for a suitable chemistry system
that can potentially be used to study nihonium chemistry in the future.

This homolog study focuses on developing a novel chemical procedure to extract
and separate indium and thallium metals. These elements were extracted from
hydrochloric acid media into imidazolium-, pyrrolidinium-, and betainium-based ionic
liquids, as well as DL-menthol-based eutectic solvents, by using a liquid-liquid extraction
(LLE) technique. Generally, it was found that the aqueous phase acidity affected the
extraction yield and thus, the speciation of the metals. The extraction kinetics were found
to be sufficiently fast as the reaction equilibrium was reached within one minute in all the
systems that were studied. Thallium, which has two oxidation states: +1 and +3, was
more effectively extracted when bromine water was used as the oxidizing agent,
compared to chlorine water.

Among all three metals that were studied, T1(I) was only poorly extracted into
either solvent that was tested. In(III) was best extracted into a betainium-based ionic
liquid from a low HCI concentration with the presence of 15% betaine. In the case of
TI(IIT), the highest extraction yield was obtained in the system containing an

imidazolium-based ionic liquid. The length of the alkyl chain and the anion group of this
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ionic liquid affected TI(IIT) extraction yield, but eventually the best extraction was
obtained with an ionic liquid that has the most carbon atoms on its alkyl side.

In an attempt to understand the metal extraction mechanism in a betainium-based
ionic liquid, the mutual solubility between this ionic liquid and water was studied. The
influence of hydrochloric acid and zwitterionic betaine were investigated. It was found
that both acid and betaine increased the mutual solubility of the aqueous and the organic
phases. In addition, zwitterionic betaine was found to be partially distributed between the

two phases.
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NOMENCLATURE

Aq Aqueous

bet Zwitterionic betaine

[Comim][Tf2N] 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
[Comim][FSI] 1-ethyl-3-methylimidazolium bis(fluorosulfonyl)imide
[Camim][Tf2N] 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
[Csmim][Tf2N] I-octyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide

[C3Cimim][Tf2N] 1-propyl-2,3-dimethylimidazolium
bis(trifluoromethanesulfonyl)imide

[C3Cipyrr][Tf2N] N-propyl-N-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide

D Distribution ratio

DES Deep eutectic solvent

ES Eutectic Solvent

Eq (subscript) Equilibrium

Eq Equation

FLNR Flerov Laboratory of Nuclear Reactions
HBA Hydrogen bond acceptor

HBD Hydrogen bond donor

Hbet* Betainium

HDEHP Di-(2-ethylhexyl)phosphoric acid
IL Ionic liquid

Init Initial



Ka Acid dissociation constant

Kp Distribution constant

Kext Extraction constant

Kie Constant of ion exchange

Kip Constant of ion pair formation
Ksp Solubility Product Constant
LLE Liquid-liquid extraction

MLA DL-Menthol and lauric acid
MW Molecular weight

NMR Nuclear magnetic resonance
Org Organic

PTE Periodic table of element
SHE Superheavy element
TALSPEAK Trivalent Actinide - Lanthanide Separation by Phosphorus reagent

Extraction from Aqueous Komplexes
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1. INTRODUCTION

1.1 Superheavy Elements (SHEs)

The latest version of Periodic Table of Elements (PTE) contains 118 elements
(Figure 1), including the four superheavy elements (SHEs) that were officially added in
2016: nihonium (Nh), moscovium (Mc), tennessine (Ts), and oganesson (Og) (Z = 113,
115, 117, and 118, respectively) [1-3]. Although there is no clear definition of SHEs
available in the literature, one definition is that the SHEs start with rutherfordium
(Z=104) which is also the beginning of the transactinides series [4-6]. This definition was
made based on the assumptions that the existence of SHEs is strongly influenced by

nuclear shell stabilization and that a chemical element should live for at least 104 s [4].

1 IUPAC Periodic Table of the Elements 2

INTERNATIONAL UNION OF
PURE AND APPLIED CHEMISTRY

For notes and updates to this table, see www.ivpac.crg. This version is dated 1 December 2018,
Copyright © 2018 IUPAC, the Intsmaticnal Union of Purs and Applisd Chemisiy.

MNations . Int
Educational, Scantite and
Cultural Organization - of Chamical Elements

Figure 1. The periodic table of elements as of January 2019. Reprinted from ref. [7].



The SHEs were synthesized through fusion-evaporation reactions. Figure 2
shows the schematic representation of the reaction. There are two types of fusion-
evaporation reactions: hot and cold fusion. The characteristics of and the main

differences between these two reactions are discussed below.
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Figure 2. The schematic representation of fusion-evaporation reaction.The initial projectile
P and target nuclei T can undergo several processes: (I) deep-inelastic collisions where P’
and T” are formed as the products (incomplete momentum transfer), (II) quasifission where
P” and T” are formed as the products (total momentum transfer), (III-IV) fusion-fission
where F1 and F2 are the fission fragments, and (V) complete fission of P and T. Figure
used with permission from ref. [8].

In hot fusion reactions, heavy actinides are used as the target materials and
bombarded by light-ion projectiles. The projectiles have to be accelerated to an energy
that is adequate to overcome the Coulomb repulsion of the two nuclei of the same charge

[9,10]. Seaborgium (Sg, Z=106) is an example of a SHE that was produced in a hot



fusion reaction. The isotope 2*Sg was produced through bombardment of a 2*°Cf target
with 80 in a reaction that released 4 neutrons (**’Cf(10,4n)*%3Sg) [11].

Due to the unfavorable reaction Q-value, the hot fusion reaction produces a
compound nucleus with excitation energy on the order of 40 — 50 MeV [9]. The high
excitation energy mainly dissipates through evaporation of neutrons and emission of
protons and this process always competes with prompt fission [10]. Because of the latter
process, the fraction of survival nuclei is only in the order of 10 — 10® with a production
cross section 10 — 102 pb; the higher the charge and mass of the projectiles, the lower
the survival rate of the compound nuclei [12,13]. The elements with Z =102 — 106 were
synthesized through this route.

Meanwhile, cold fusion reactions use heavier projectiles having atomic masses >
40 to bombard 2%Pb (Z=82) or **Bi targets (Z=83). The compound nuclei produced in
this reaction have excitation energies on the range of 12 — 15 MeV due to their very
negative Q-values, with emission of only one or two neutrons [10,13]. The probability for
the compound nuclei to undergo spontaneous fission is lower compared to hot fusion
reactions and thus, their survival probability is higher [10,13,14]. However, cold fusion
reactions also have limitations. Because the targets are limited to 2°*Pb and >*Bi, in order
to produce heavier elements, one has to opt for the projectiles with larger atomic number.
This leads to lower probability of the formation of the compound nuclei as well as the
decrease in their stability due to neutron deficiency in the nucleus [12,13]. The elements

with Z = 107 — 112 have been successfully synthesized with this reaction.



To confirm that an element belongs to a particular group in the PTE, its chemical
properties have to be carefully characterized. This is particularly important for the SHEs
due to the so-called relativistic effect which becomes more pronounced with high Z
elements [15]. As a result of having a highly charged nucleus, the electrons in the vicinity
of the SHE nucleus within the SHEs accelerate with the velocity approaching the speed
of light. Consequently, their mass increase according to Einstein’s theory of special

relativity as shown in Eq. 1 [15,16]:

-1/2

m = m, - (1 - (%)2) Eq. 1

where m is the mass of the electron that moves with velocity v, c is the speed of light and
mpo is the rest mass of the electron. As the mass of the electrons increased, the atomic
orbitals are affected in several ways. First, it experiences the relativistic contraction. The
radius of an orbital is affected by the mass of the electron according to Bohr radius
equation [16]:

a, = 4meyh? /mZe? Eq. 2

where a, is the Bohr radius, € is the permittivity free space, h is the reduced Planck’s
constant, m is the mass of the electron, and Ze is the elementary charge. Based on Eq. 2,
as the relativistic mass of the electron, m, increases, the relativistic radius is smaller than
the nonrelativistic one. The s orbitals up to the valence shell experience the relativistic
contraction almost equally as the speeds of their electron near the nucleus are comparable
[16]. The second effect to the atomic orbital is the spin-orbit splitting. The subshells with

1 > 0 split into two subgroups where j =1 + ¥2. The p subshells split into p1,2 and p3.2
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spinors while the d subshells split into d32 and ds2 spinors [9,15]. In the heaviest
elements, the energetic splitting between the two j values can increase up to a few
electronvolts [16]. The third effect is the relativistic self-consistent expansion. The d and
f electrons are not directly affected due to their high angular momenta [16]. Thus, they
rarely approach the nucleus and the electrons do not gain velocities. However, the
contraction of s and p orbitals shields the f and d orbitals from the nuclear charge more
effectively. Consequently, the d and f orbitals become expanded and their energies
increased (indirect relativistic effect). Because of all these relativistic effects in the
atomic orbitals of the SHEs, their chemical properties cannot be simply predicted and
extrapolated from their lighter homologues because deviation from the established trend

in the PTE is very likely [17,18].

1.1.1 Nihonium

Nihonium (Nh, Z = 113), is the latest member of the group 13 of the PTE and the
heavier homolog of boron, aluminum, gallium, indium and thallium. Although it has been
assigned officially in group 13 in the PTE, the chemical properties of Nh have not been
studied extensively. The experimental data on its chemical properties are very scarce
because the synthesis of this element is difficult, the production rates are low, and the
isotopes have very short half-lives.

To date, only small quantities of Nh isotopes have been synthesized directly or
detected as a decay product of heavier nuclei. The first isotopes of Nh were observed by

the research group at the Flerov Laboratory of Nuclear Reactions (FLNR) in Dubna,
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Russia in 2004. In that experiment, an ***Am target was bombarded with a **Ca beam to
produce element 115, moscovium (Mc). Two isotopes of Mc were observed: *®Mc and
27Mc. These isotopes subsequently decayed with alpha emission and 2**Nh and ***Nh
were detected as the decay products [19]. In the same year, the Institute of Physical and
Chemical Research, known as RIKEN, in Japan published the results of the nuclear
fusion reaction to produce Nh. In that experiment, a > Bi target was bombarded with a
70Zn beam and one isotope 2’*Nh was detected as the direct reaction product [20]. The
isotope ®’Nh was discovered in an experiment performed by the FLNR research group in
2007. In that experiment, 22Nh was produced as the reaction product of a >*’Np target
with “*Ca as the projectile [21]. Lastly, two isotopes **Nh and 2**Nh were observed in
the decay chain of ?°*Ts and >**Ts, respectively. These Nh isotopes are the
granddaughters of Ts isotopes that were produced through **Ca + ?*’Bk reaction in FLNR

[22]. Table 1 lists all Nh isotopes that have been discovered and identified.



Table 1. List of Nh isotopes produced through nuclear reactions in accelerator facilities in

Russia and Japan [19-22].

Isotopes  Half-life Nuclear reaction Place Year
284Nh ~091s 2B Am(*Ca, 3n)**Mc FLNR, Russia 2004
283Nh ~ 75 ms 2B AM(®Ca, 4n)**"Mc FLNR, Russia 2004
28Nh ~0.02s 209Bj(7%Zn, n)*’*Nh RIKEN, Japan 2004
282Nh ~ 73 ms ZNp(*Ca, 3n)**’Nh FLNR, Russia 2007
286Nh ~95s 29BKk(®Ca, 3n)***Ts FLNR, Russia 2010
25Nh ~4.2s 29BK(*Ca, 4n)**Ts FLNR, Russia 2010

Based on its assigned position in PTE, the ground state electronic configuration of

Nh is predicted to be [Rn]5f'*6d!°7s27p! [23]. Due to experiencing strong relativistic

effect, the 7s orbital is contracted and highly stabilized, making it an inert pair in Nh [9].

Meanwhile, 7p atomic orbital splits; the 7p1,2 orbital is contracted and stabilized, while

the 7p12 orbital is expanded and destabilized [9]. All the current knowledge about the

chemical properties of Nh is based on theoretical predictions. Although the common

oxidation state of group 13 elements is +3, the main oxidation state of Nh is predicted to

be 1+ due to high stabilization of the 7s orbital [24]. Theoretical calculation also

predicted that Nh is volatile and less reactive compared to its lighter homologues due to

the splitting of the 7p orbital [25]. Molecular calculations suggested that Nh reacts with

OH™ in a moist oxygen atmosphere to form a stable NhnOH compound, which is analog to



TIOH [26]. In addition, interaction between Nh and Au was theoretically studied and
compared with that of TI. The results showed that NhAu bonding is weaker than in TI1Au
as a consequence of stabilization of the 7p1/» orbital and therefore, Nh is expected to be
absorbed on Au at lower temperature than Tl [26,27].

There have been some attempts to confirm the theoretical prediction of Nh
properties through chemical experiments. In 2014 and 2017, the research group in FLNR
reported the results of experiment to determine the volatility and speciation of Nh [23,28]
but these results were inconclusive. However, the effort to pursue chemical experiments
of Nh and some other SHEs is ongoing. Some researchers have been preparing the
baseline data and experimental set up to confirm the results of theoretical studies and to

provide evidence of Nh behavior in comparison with its homologues [29,30].

1.1.2 SHE Chemical Experiments

Unlike the traditional chemical experiments, studying the chemistry of SHEs
requires a system that meets certain requirements. This includes chemical instrumentation
that is sufficiently fast to allow for measurement of isotopes with half-lives in the order
of seconds. The current chemical separation apparatus such as gas chromatograph can be
used to investigate a SHE isotope with minimum half-life of 1 s [31]. Selectivity of the
chemical procedure is also a concern in SHE experiments. The SHEs commonly have
low production cross sections and their productions often yield many unwanted reaction
products with much larger cross sections that can interfere with the detection of the

SHEs. Therefore, the chemical procedure must be highly selective to enhance the quality
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of the measurement and accuracy of the results [9]. In addition, SHE’s chemical
experiment must be done on a one-atom-at-a-time scale due to low production rates
[6,17]. To ensure the experimental results are statistically significant, it is required that
the SHESs be studied in a system that employs repetitive partition such as chromatography
and liquid-liquid extraction systems [32,33]. Since the production of SHEs is a random
event, automation of these chemistry systems is inevitable to ensure the chemical
separation with the high repetition rate that will lead to detection of the elements. Also,
the detection system must be designed such that it provides for an unambiguous
interpretation of the results [9]. Finally, it is necessary to study the chemistry of SHEs’
lighter homologues under the same chemical system such that their chemical behaviors
can be compared and inference about SHEs chemistry can be made.

The chemical experiment setups for the SHEs can be categorized into two: gas-
phase chemistry and liquid-phase chemistry [9]. While all of these techniques have been
employed for the SHE chemical experiments, the gas-phase chemistry study is more
widely used. In liquid phase chemistry, there are two techniques available: liquid-liquid
extractions or column-based separation. A more comprehensive overview of all of these
techniques can be found in [34-37].

The gas-phase chemical experiments are usually employed to investigate volatile
SHEs or their compounds. There are two techniques available: thermochromatography
and isothermal chromatography. The basic principles between these two chromatography

techniques are shown in Figure 3.



Thermochromatography Isothermal Chromatography

Temperature [°C]
/I
Temperature [°C]

T Length of column [Cm]
a = 50%

Yield [%)]
Yield [%]

Temperature [°C] Temperature [°C]

Figure 3. The basic principles of thermochromatography and isothermal chromatography
are shown. The upper panel shows the temperature profiles in both techniques while the
lower panel shows the deposition peak and integral chromatogram. The figure is used with
permission from ref. [38].

1.1.2.1 Thermochromatography

In thermochromatography, the volatile species are injected at the inlet and are
transported by a carrier gas through a chromatography column. From the beginning
toward the end, the temperature inside the column becomes more negative (see the upper
left panel in Figure 3). Consequently, as species traverse downstream, their velocity
decrease. Depending on their adsorption entalphy (AHY), the species will be deposited at
different positions on the column surface. The deposition temperature, Ta, is the quantity

that is unique for the species (see the lower left panel in Figure 3).
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The thermochromatography separation technique is commonly used to study the
SHEs that decay through y emission, electron capture or B+ decay, or emission of highly
energetic particles [38]. The radiation emitted by the nuclides is detected by scanning the
length of the column [38]. The detection of nuclides that decay through spontaneous
fission (SF) and emission of a-particles is commonly done by inserting solid-state track
detector into the column.

On one hand, the thermochromatography separation technique is beneficial
because all detectable nuclei contribute to the data as long as they reach the inlet of the
column [34]. In addition, both the newly produced element and its homologs are treated
identically as long as they are produced simultaneously [34]. This allows scientists to
compare the chemical behavior of the new element and its homologs. However, the
detection results of the nuclides that decay through SF are not obtained in a real time and

therefore, the half-life of the nuclides cannot be determined [34,38].

1.1.2.2 Isothermal Chromatography

In isothermal chromatography, a constant temperature is applied inside the
column (see the upper right panel in Figure 3). The species travel slower throughout the
column compared to the carrier gas, depending on the applied temperature and the
adsorption entalphy (AHQ) of the species [38,39]. This technique is suitable for
separation of volatile short-lived radionuclides from the non-volatile ones. The quantity
that is unique for isothermal chromatography is called Tso%, that is the temperature at

which half of the radionuclides injected in the inlet detectably emerged at the column exit
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[38]. The time that the species retained inside the column, also called the retention time,
is equal to the half-life of the nuclides.

The main advantage of isothermal chromatography separation technique is the
possibility to determine the half-life of the radionuclides and properly identify them
[34,38]. However, due to the unknown (AH?) of the SHES, the determination of Tsoz
requires many measurements at different isothermal temperatures to ensure that most of

the nuclides decay inside the column.

1.2 Indium and Thallium Chemistry

Indium (Z = 49) and thallium (Z= 81) are the expected homologues of Nh. Both
of these elements have two naturally occurring isotopes: ''*In (4.29%) and !"*In
(95.71%), 2°3T1 (29.524%) and **TI1 (70.476%). The natural abundance of indium is 2.5 x
107 ppb in the continental crust and 3 x 10 ppb in the ocean. Around 1% of indium
occurs in zinc and lead sulphide ores and it is obtained as a by-product in the process of
zinc and lead smelting. Annually, 450 tonnes of indium is produced worldwide [40].
Meanwhile, 8.5 x 10? ppb of thallium is found in the continental crust and 1.3 x 10" ppb
in the ocean. The amount of thallium found in ores and other sources is considered rare; it
is scattered in potash, feldspar and pollucite. Thallium is also obtained as by-product of
zinc and lead smelting and H>SO4 manufacture [40].

Having the ground state electronic configuration [Kr]4d!'%5s25p!, the characteristic
formal oxidation state of indium is +3. Lower oxidation states are accessible but not

common [40]. In aqueous solution, the indium ions are known to bind with six water
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molecules, which means that its coordination number is equal to six [41]. The speciation
of indium in aqueous chloride solution has been studied with various techniques. An
investigation of indium(III) chloride species by Raman spectroscopy in thirty-one
solutions with a chloride-to- indium mole ratio from 0.48 to 15.9 (0.30 — 10.1 M Cl
solution) showed the presence of four species: [InCI(H20)s]** (0.30 — 3.87 M CI"),
[InCl2(H20)4]* (0.30 — 5.05 M CI"), [InCl3(H20)3] (0.61 — 10.1 M CI7), and
[InCl4(H20)2]” (6.50 — 10.1 M CI") [42]. The authors also considered the possibility of
the presence of [InCls(H20)]* at a very high chloride-to-indium mole ratio. A later study
on indium speciation using EXAFS technique showed these indium(III) species are
dominant: [InCl2(H20)4]* (0 — 1 M HC)), [InCl3(H20)3] (1 — 6 M HCI), [InCls(H20)2]~
(6-10 M HCI), and [InCls(H>0)]* (10-12 M HCI) [43].

Meanwhile, thallium has a ground state electronic configuration
[Xe]4f!145d196s%6p!. The relativistic effect is more pronounced in thallium due to its heavy
mass (its m/mo value for the electron in E“V*ion is 1.24 while for indium is 1.070) [15].
This results in the contraction and stabilization of s- and p-orbitals and subsequently
expansion of its d- and f-orbitals. Consequently, the ionization potential of thallium is
higher compared to indium [44]. Unlike its lighter homologues in Group 13, the stable
oxidation state of thallium is +1 (thallous) but it is readily oxidized to a +3 oxidation state
(thallic). The thallium(I) ion is found to be very weakly hydrated in aqueous solution and
it does not form strong complexes [45]. However, these species have been found in

chloride media: TI*, TICI, TICI,~, and TICl5>", indicating that the coordination number of
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thallium(I) is equal to 4 [46]. Thallium(III) is known to have coordination number
approximately 6 [41]. Depending on the chloride concentration, these thallium(III)
species may exist in aqueous chloride media: T1**, TICI?*, TICL,*, TICl3, TICI*", TICls*

and TICls>~. The most stable thallium(III) chloride complex is TICI*".

1.3 Liquid-liquid Extraction

Liquid-liquid extraction (LLE) has been widely used for separation and
purification of organic and inorganic solutes. This technique is based on the preferential
distribution of solutes between two immiscible phases which are commonly composed of
an aqueous solution and an organic solvent. Prior to the extraction, the solutes are
dissolved in one of the phases. For instance, metal salts are always dissolved in the
aqueous phase (e.g., mineral acids such as HCI, HNOs, etc.) and therefore, they are
hydrophilic (attracted to water). To be extracted into the organic phase, the hydrophilic
solutes must be turned hydrophobic (unfavorable interaction with water) and be
electrically neutral [47,48].

The types of organic solvents used in LLE are very diverse depending on the
purpose of extraction and the type of solutes being extracted. More details on types and
properties of organic solvents can be found in references [47,49,50]. For the purpose of
metal extraction, solvents composed of molecules that contain active hydrogen atoms but
no donor atoms such as chloroform and some other aliphatic halides are commonly used.
In addition, solvents that do not have capability to form hydrogen bonds and do not have

donor atoms such hydrocarbons, carbon tetrachloride, are also common. These organic
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solvents cannot extract the metal solutes because they do not have the capability to
dissolve them. Therefore, the solvents are used as the diluent; that is the material used to
dilute the extracting agents [47].

The distribution of a solute in the aqueous and organic phases can be explained
based on Nernst’s Distribution Law [48]. In a chemical system at equilibrium, one can
write a reaction:

[Alag 2 [Alorg Egq. 3
where [A]qq 1s the concentration of solute A in the aqueous (aq) phase and [A]or is the
concentration of solute A in the organic (org) phase. The distribution constant (Kp) of

equilibrium reaction in Eq. 3 can be expressed as:

[A]org

Kp [Alag

Eq. 4.

The distribution constant (Kp) in Eq. 4 only considers the presence of a single
species of solute A and is valid only for pure solvents. In reality, there are several factors
that make Eq. 4 impractical. For instance, the mutual solubility of the aqueous and
organic phases and the changes of the ionic strength of the aqueous phase [48]. In that

case, Eq. 4 must be corrected to take into account the activity coefficients (y) of solute A

in both phases:
YAorg® [A]org
K, = 2229 —org Eq. 5.
D YAaq '[A]aq q

A metal solute in the aqueous phase could exist in different species. Therefore,
Egs. 4-5 cannot be used to quantify the extraction yield. A more practical expression of

the distribution ratio (D) is used as shown in the following equation:
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D= Mairag  Vorg Fa.6

where the subscript T denotes the total concentration of all species of solute A in either
phase and V is volume of the phase. It is common that the volumes of the phases are
equal; thus, the volume term can be eliminated in the calculation. In addition to the
distribution ratio (D), a more informative expression, extraction E, is also often used to

quantify the extraction yield as shown in the following equation:

E = [AlT,org — D[AlT,aq — D
[A]T,org+ [A]T,aq D[A]T,aq+ [A]T,aq D+ 1

Eq.7

Figure 4 shows a simplified graphical representation of LLE. The temperature
setting in the figure (24 °C) is only an example as LLE can be done at various
temperatures depending on the chemistry procedure. The relative positions of the phases
are also varied according to the density of the liquids. This figure also shows that, after
the aqueous and the organic phase are in contact, the solutions are mixed to increase the
interfacial surface contact of the phases and allow the chemical system to reach
equilibrium state [51]. This step is often conducted with the aid of a mechanical mixer.
The next step is phase settling, commonly accomplished through centrifugation, to allow
the two phases to be completely separated. The final step is separation of the phases

followed by analysis of the solutes’ concentration in each phase.
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Figure 4. The graphical representation of LLE is shown. After the phase separation, each
phase is analyzed to determine the concentration of the analytes and their distribution
between the two phases.

1.4 Tonic Liquids and Eutectic Solvents

1.4.1 Ionic Liquids

The use of conventional organic solvents in chemical processes such as LLE have
been a concern due to their toxicity, flammability, and/or corrosiveness, which is said to
have contributed to environmental pollutions and increased risk to workers [52]. In early
1990, the concept and principles of green chemistry were developed to address the
necessity to control the impact of chemical processes to human health and the
environment [53]. This includes the need to use sustainable solvents that fulfill the
principles of green chemistry (e.g., waste prevention, atom economy, safer solvents and
auxiliaries, etc. See ref. [52] for more details).

Ionic liquids (ILs) have emerged as an alternative substitution for conventional
molecular solvents in chemical processes including LLE owing to their wide liquid range,
very low vapor pressure, non-flammability, and ability to solubilize various solutes [54].

IL is a class of solvent that are entirely made of ions (discrete organic cations and weakly
17



coordinating anions) and have melting points below 100 °C. The melting points of the ILs
are mainly determined by the balance of cation and anion symmetry, length of the alkyl
chain of the cation, and the accessibility of the charge [55].

The physicochemical properties, such as thermal stability, hydrophobicity,
viscosity, and conductivity of the ILs can be tuned by varying the combination of the
cations and anions [56-58]. Because of this tunability property, the ILs are often
addressed as “designer solvents”. It was reported that this combination can possibly lead
to the formation of up to 10'® ILs [59]. With many variations of ILs available, they have
been applied in various fields such as organic synthesis [60-63], catalysis [64-67],
electrochemistry [68], electrocatalysis [69], solid support [70], nanoparticle formation
[71], and solvent extraction [72-74].

Although the use of ILs as a green solvent started in the late 1990s, the
development of the IL has spanned over 100 years. In 1914, Paul Walden who was a
German chemist, developed the ILs through neutralization of ethylamine with
concentrated HNO3 to form ethylammonium nitrate (EAN). The product has melting
temperature 13 — 14 °C [75] and shows water-like physical properties for its clear,
colorless, odorless appearance with density 1.21 g/cm® and reasonably high viscosity
[76]. The electrical conductivity of EAN indicates the liquids are composed of anions
and cations [76]. This compound was regarded as the first generation of IL [75,77]. The
second generation of IL was reported in 1951 by Frank Hurley and Thomas Weir through
the mixing of 1-alkylpyridinium halides and metal halides [78]. They found that a 1-

ethylpyridinium bromide-aluminium chloride ([Copy]|Br-AlCl3) mixture with 2:1 molar
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ratio was liquid at room temperature [77,78]. Later development revealed that most of the
second generation IL were not moisture-stable and that their acidity/basicity was hard to
control [79]. The unique liquid-salt characteristic of the ILs furthered the research to
overcome the limitation of the second-generation compound. In 1992, Wilkes and
Zaworotko reported the synthesis of air- and water-stable 1-ethyl-3-methylimidazolium
(EtMeim) based ILs [80]. They obtained two compounds that were liquid at ambient
temperature: [EtMeim]BF4 (m.p. 15 °C) and [EtMeim]MeCO» (m.p. -45 °C). This
discovery was deemed as the beginning of the development of the current generation of
ILs and opened a wide area of opportunity for application of the ILs.

Most of the current ILs are made of a combination of cations such as alkyl-
substituted ammonium, phosphonium, imidazolium, pyridinium, and pyrrolidinium,
while the anions are usually halides, hexafluorophosphate, tetrafluoroborate,
trifluoromethanesulfonate, and bis(trilfuoromethanesulfonyl)imide. Based on its chemical
structure, ILs generally can be classified into two categories: protic ILs (proton-donating)
and aprotic ILs (nonproton-donating) [76]. Other subclasses also exist based on their
distinct structural features, such as chiral ILs, magnetic ILs polymeric ILs, etc. [76].

The current research largely focused on the application of aprotic ILs 1-alkyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide (denoted as [Comim][Tf2N], here
the subscript “n” represents the alkyl group) and N-propyl-N-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide (denoted as [C3Cimim][Tf>2N]) and a protic IL
betainium bis(trifluoromethylsulfonyl)imide (herein denoted as [Hbet][Tf>2N]) as the

solvents in LLE. Figure 5 shows the structures of aprotic ILs used in this research.
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Figure 5. The structures of cations and anion of aprotic ILs used in this research: (a) 1-
alkyl-3-methylimidazolium cation (b) N-propyl-N-methylpyrrolidinium cation, (c)
bis(trifluoromethanesulfonyl)imide anion, (d) bis(fluorosulfonyl)imide anion.The
imidazolium- and pyrrolidinium-based ILs are commercially available and their
physicochemical properties have been characterized [81-84]. Meanwhile, [Hbet][Tf2N]
usually is synthesized in the laboratory because it is not commercially available. The
building block of the [Hbet*] cation (also commonly referred to as betainium) is glycine
betaine, a zwitterion. By definition, zwitterion is a molecule that naturally possesses both
positive and negative charge groups within its structure [85]. Glycine betaine consists of a
positively charged tetramethyl-ammonium group and a negatively charged carboxylate

group. Protonation to the carboxylate group leads to the formation of [Hbet*] (pKa = 1.83

[86,87]). Figure 6 shows the structures of zwitterionic betaine and betainium.

| il |
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Figure 6. The chemical structure of zwitterionic betaine (a). Protonation of betaine at the
carboxylic group leads to the formation of betainium (b).
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The IL [Hbet][Tf2N] was initially developed by Nockemann et al. and they
successfully used it to dissolve metal oxides [88]. The carboxylate group on the cationic
part has the ability to complex with metal ions, which makes this IL has an advantage
over conventional ILs. Some interesting properties of [Hbet][Tf2N] were reported. For
example, the phase separation between [Hbet][TfoN] and water is temperature- and pH-
dependent [88]. In addition, the [Hbet][Tf2N] and water mixture exhibits an upper critical
solution temperature (UCST) of 55° C [87]. This means that above the UCST, the
mixture forms only one phase, while below the UCST, phase separation occurs. These
unique properties of [Hbet][Tf2N] have been exploited for metal extractions through

formation of homogenous phases at elevated temperature above the UCST [86,87,89-91].

1.4.2 Eutectic Solvents

Similar to ILs, eutectic solvents (ESs) have also gained interests in the green
chemistry process. This type of solvent was introduced by Abbott and co-workers in 2003
and was made from the mixtures of amides and quaternary ammonium salts which are
solid in their individual forms [92]. They described that, at stoichiometric mixing ratio,
the melting points of the mixtures were much lower than their pure compounds due to the
formation of hydrogen bonding between a hydrogen bond donor (HBD) and hydrogen
bond acceptor (HBA) [92]. The authors addressed these mixtures as deep eutectic
solvents (DESs). This finding has inspired the increasing interest in research on DESs,
resulted in more than 1900 DESs related publications registered on ISI Web of Science

(as of January 2019). Most of these publications characterized DESs as the analogues
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solvents to ILs due to having low vapor pressure, relatively wide-liquid range, and non-
flammable but are easier to prepare from cheap materials [93]. However, the definition of
DES was criticized and new term was later proposed to define a DES. That is, to qualify
as a “deep eutectic solvent”, the mixture of the pure compounds must have the eutectic
point temperature below an ideal liquid mixture (a mixture that still maintains the
physical properties of its pure substances) [94] as shown in Figure 7. This new definition
is likely to screen out a lot of references on DESs because most of them deal with
eutectic mixtures. Therefore, in this research the terminology ES is used as a generic term

for eutectic mixture unless stated otherwise.

Temperature

Mole fraction

Figure 7. The comparison of the solid-liquid equilibria between a eutectic mixture (red
line) and deep eutectic mixture (blue line).Figure used with permission from ref. [94].Most

of the ESs are water-soluble but there are few water-immiscible mixture (hydrophobic).

Among the hydrophobic ES are the mixtures of DL-menthol as HBA and some carboxylic
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acids as HBD, all are biodegradable materials and relatively inexpensive [95]. These
mixtures were prepared by combining the individual compounds with a proper molar ratio,
then increase the temperature until a liquid mixture is formed at room temperature. Among
all the studied ESs, four liquid mixtures that were prepared from the combination of DL-
menthol with acetic acid, pyruvic acid, lactic acid, or lauric acid were found to be
hydrophobic. The structures of the individual chemical compounds are shown in Figure 8,
and the data on their molar ratio and thermal properties from TGA measurement is
presented in Table 2. The decomposition temperature, Tdec, Shows the melting point of the
substance, while glass transition temperature, Tg, refers to the temperature at which the
physical properties of the materials changes to glassy or crystalline state. It can be seen in

the table that all ESs have melting temperatures lower than their individual compounds.
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Figure 8. The structures of chemicals used to prepare hydrophobic ES are shown. (a) DL-
menthol; (b) acetic acid; (c) L-Lactic acid; (d) pyruvic acid; (e) lauric acid.
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Table 2. Molar ratio, decomposition temperature (Tqec) and glass transition temperature
(Tg) of the hydrophobic ESs. Adapted with permission from “Menthol-based Eutectic
Mixtures: Hydrophobic Low Viscosity Solvents” by B. D. Ribeiro et al., ACS Sustainable
Chem. Eng. 2015, 3, 10, 2469-2477 [95]. Copyright (2015) American Chemical Society.

Pure compounds Tdec (°C) Tg (°C)
DL-menthol 168.95 36.82; 44.06
Acetic acid N/A 16 —17
Pyruric acid 164.48 11.80
Lactic acid 229.46 16.80
Lauric acid 292.34 43.20
Eutectic mixtures
DL-menthol: Acetic acid (1:1) 200.79 -7.81
DL-menthol: Pyruric acid (1:2) 218.50 -58.81; -6.78
DL-menthol: Lactic acid (1:2) 228.89 -61.14
DL-menthol: Lauric acid (2:1) 231.49 7.13;13.84

1.4.3 Di-(2-ethylhexyl)phosphoric Acid (HDEHP)

HDEHP (pK. = 3.24) [96] is an organophosphorus compound widely used as an
extracting agent for metal partitioning in solvent extraction techniques. The ability of
HDEHP to extract several lanthanides and actinides into mineral acids was reported in
1957 [97]. The best known application of HDEHP is for separation of trivalent minor
actinides from the lanthanides produced from nuclear fission in spent nuclear fuel. This
process is also known as TALSPEAK (Trivalent Actinide — Lanthanide Separation by
Phosphorus reagent Extraction from Aqueous Komplexes) process [98,99]. The structure

of HDEHP is shown in Figure 9.
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C2Hs CH,

C2H5 CH3
Figure 9. The chemical structure of HDEHP.

Some studies have shown that HDEHP forms a dimer in non-polar solvents and
forms a monomer in polar solvents. The extraction mechanism depends on the nature of
these diluents [100,101]. However, metal extraction with HDEHP commonly occurs
through a cation exchange process, where HDEHP can be a monomeric or dimeric
species as shown in Egs. 7 and 8, respectively.

M™ g + n(HA)prg 2@ MA + nH* Eq. 8

Norg
M"™ o + n(HA)Zorg e M(AHA),,, , + nH" g4 Eq. 9
where M is the metal ion, HA represents the HDEHP, and the subscripts “aq” and “org”

refer to the species in the aqueous and organic phase, respectively.
1.5 Review of Past Studies

There have been some studies of extraction of In and Tl into ILs. Kubota et al.
investigated the extraction of In(IIl) into 1-alkyl-3-methyl imidazolium
bis(trifluoromethanesulfonyl)imide, [Comim][Tf2N] n= 4, 8, with trioctylphosphine oxide

(TOPO) as the extractant [102]. The authors claimed 100% In(III) recovery but no In(I1I)
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was extracted in the absence of TOPO. Another study by Katsuta et al. involved the
combination of two ILs trioctylammonium nitrate [TOAH][NO3] and trioctylammonium
bis(trifluoromethanesulfonyl)imide [TOAH][Tf:N] to extract aluminum(III), gallium(III),
and indium(IIT) from HCI media. Indium(III) was only poorly extracted with an
efficiency below 10% [103]. Hoogerstraete et al. extracted In(IIl) from water by using
betaine into betainium bis(trifluoromethanesulfonyl)imide [Hbet][Tf2N] with D values >
200 [89]. Tereshatov et al. studied In(III), TI(I), and TI1(III) extraction into
[Csmim][Tf2N] from HCI media with and without the presence of TBP as the extracting
agent [104]. The result showed that TI(IIT) was quantitatively extracted into pure IL and
D values increased in the presence of TBP. Both TI(I) and In(IIT) were not extracted
[104]. Extraction of In(IIT) into 0.1 M TBP dissolved in n-hexyl-trimethylammonium
bis(trifluoromethyl-sulfonyl)amide ([N1116][TFSA]) ionic liquid from 1,1,1-trifluoro-N-
[(trifluoromethyl)sulfonyl]Jmethane sulfonamide (H[TFSA]) was studied [105]. The
authors obtained 100% indium extraction efficiency in the range of pH 1.5 — 4.0. Cubova
et al. studied extraction of thallium and indium isotopes into 1-alkyl-3-
methylimidazolium bis(trifluoromethansulfonyl)imide ionic liquids ([Camim][Tf2N],
where n = 2, 4, 6 and 10) and tributylmethylammonium
bis(trifluoromethanesulfonyl)imide ([Tbma][Tf>N]) from hydrochloric acid media [30].
The authors used sodium chlorite, NaClOg, to oxidized TI(I) to TI(III). Their results
showed that In(IIT) was not extracted while TI(IIT) was effectively extracted into all ILs

within 0.2 — 5 M HCL
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The study of In extraction into ESs is more scarce compared to extraction into ILs
and no research has been reported on TI extraction into this media. In 2016, Tereshatov et
al. reported the study on In(IIl) transfer from hydrochloric and oxalic acid into
hydrophobic DESs and low-transition-temperature mixtures [106]. These mixtures were
composed of quaternary ammonium chloride with decanoic acid, oleic acid and ibuprofen
as well as DL-menthol and lauric acid mixture. Their results show the highest distribution
ratio value for In(III) was obtained when it was extracted into quaternary ammonium
chloride with ibuprofen from 6 M HCI and from the range of 0.01 — 0.1 M oxalic acid
(Dm > 3000). Meanwhile, indium extraction into a DL-menthol and lauric acid mixture
was found to be effective only at low acidity (D= 20 at 0.001 M HCl).

Literature reports on metal extraction with HDEHP show that this extractant has
been effectively used to extract indium from various media. Sato et al. extracted In(III)
from HNO3 and HCI solutions into HDEHP in kerosene [107]. They obtained the highest
D, values at HNO3 concentration below 0.1 M and at 0.2 M HC1 with 0.1 M HDEHP
(D1 100 and ~40, respectively). In(IIT) was extracted from H2SOj4 into various alkylated
organophosphates extractants in toluene [108]. Their results showed the extraction into
0.025 M HDEHP is the highest at pH 0.7 with D, = 4. HDEHP was also used for
selective extraction of indium from indium tin oxide obtained from LCD screen waste
[109,110]. The extraction efficiency of indium was 100% when it was extracted into 1 M
HDEHP from < 2 M H>SOsor from < 0.8 M HCI [109]. HDEHP was diluted in a variant
of kerosene, marketed as ShellSol 2046 or Exxsol D-80. The other study showed that D,

approached 600 when indium was extracted from 0.1 M H>SOs into 0.1 M HDEHP in
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kerosene and 200 when it was extracted from 0.1 M HCI into the same media [110].
Separation of no-carrier-added !'*!'"mSp and !'3™!!4M[y from natural cadmium target
irradiated by alpha particle was investigated by solvent extraction with HDEHP [111].
The extraction was optimized when In(III) was extracted from 0.01 M HCI into 5%
HDEHP in cyclohexane.

Limited data on mutual solubility of ionic liquid, in particular [Hbet][Tf2N], with
water are available. Nockemann et al. reported that [Hbet][Tf2N] contains 13% of water
and 15% of the IL dissolved in water [88]. By using various analytical techniques,
Onghena et al. also studied mutual solubility of [Hbet][TfoN] and water [86]. They

reported that the [Hbet][Tfo2N] phase contained 12.9%, 7.6 £ 4.6%, and 15.5 £ 0.5% of
water and the water phase contained 13.8%, 14 £ 0.5%, and 14.3 + 0.5% of [Hbet][Tf2N]

determined with TGA, '"H-NMR, and cloud point titration, respectively. It was also found
that the presence of mineral acids or sodium salts can alter the solubility of IL in the
water phase [112]. The authors observed IL solubility in water increased in 1 M of
mineral acids in the order of HoSO4> HCI > HNO3 > HCIO4. When 1 M sodium salts of

these acids were used, the solubilities are lower but increased in the same order.

1.6 Scope and Objectives

This research involves the study of the chemistry of Nh’s closest homologues,
indium (In) and thallium (TI), in the liquid phase. This study is designed to provide the

basis for a suitable chemistry system that can be used for the potential study of Nh
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chemistry in the future. A novel chemical procedure to extract and separate In and Tl
effectively was developed by using a liquid-liquid extraction (LLE) technique.

First, the study focused on investigating the ability of imidazolium- and
pyrrolidinium- to extract In(IIT) and TI (I, III) from hydrochloride acid (HCl) media.
Second, mutual solubility of betainium-based IL and water in the presence of HCI and
zwitterionic betaine was investigated. The results of this study were important
particularly to understand the chemical interactions between the molecules in the system
and to explain the mechanism of In and T1 extraction into [Hbet][Tf2N]. Third, the
extraction of In and TI(I, III) from HCI into [Hbet][Tf2N] was studied, without and with
the presence of zwitterionic betaine as the extracting agent. Fourth, the ability of
menthol-based ES to extract In(IlT) and TI(I, IIT) from HCI was investigated, without and
with the presence of HDEHP as the extracting agent. Extraction mechanisms of In and T1

into these chemical systems were also explained.
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2. EXPERIMENTS

2.1 Chemicals

The chemicals used in all the experiments are described in the next paragraphs.
Those chemicals were used as received without further purification. All materials are
commercially available, except for the betainium-based IL which was synthesized in the

laboratory. The synthesis of this IL is described in section 2.4.

2.1.1 Mutual Solubility of Water and Betainium-based IL

High purity grade betaine anhydrous (N,N,N—-trimethylammonium acetate,
abbreviated as bet, > 99.0%), betaine hydrochloride (HbetCl, > 99%) and analytical grade
deuterium chloride (deutero-hydrochloric acid, DCI, 99 atom% D, 35 wt% in D>O) were
purchased from Sigma-Aldrich. High purity grade lithium
bis(trifluoromethylsulfonyl)imide (Li[Tf2N], 99.9%) was obtained from Solvionic
(Toulouse, France). Deuterium oxide (deuterated water, D20, 99 atom% D) was
purchased from Eurisotop (Gif sur Yvettte, France). Sodium acetate (99.0%) and sodium
trifluoroacetate (98.0%) were ordered from Merck (Darmstadt, Germany) and Alfa Aesar
(Tewksbury, Massachusetts, USA), respectively. Sodium hydroxide (NaOH) standard
solutions were purchased from Carlo Elba (Val-del-Reuil, France). Deionized water
(ELGA PURELAB DV25) with a resistivity of 18.2 MQ cm was used for preparing the
aqueous solutions, whereas the NMR samples were prepared by using deutero-

hydrochloric acid and/or deuterium oxide.
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2.1.2 In and Tl Extraction into Pure Imidazolium- and Pyrrolidinium-based IL

High-purity grade (99.5%) 1-alkyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide ionic liquids (henceforth indicated as [Comim][Tf2N],
where n = 2, 4, and 8), 1-propyl-2,3-dimethylimidazolium
bis(trifluoromethanesulfonyl)imide (indicated as [C3Cimim][Tf2N]), N-propyl-N-
methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (indicated as [C3Cipyrr][Tf2N]),
1-ethyl-3-methylimidazolium bis(fluorosulfonyl)imide (indicated as [Comim][FSI]), and
Li[Tf2N] salt (>99% purity) were purchased from Solvionic (Toulouse, France).
Concentrated hydrochloric acid was purchased from Merck (Darmstadt, Germany). Both
saturated 3% (w/v) bromine water and 0.3% (w/v) chlorine water were obtained from
Ricca Chemical (Arlington, Texas, USA). Thallium(III) chloride hydrate was of

analytical grade and purchased from Alfa Aesar (Tewksbury, Massachusetts, USA).

2.1.3 In and Tl Extraction into Betainium-based IL

High-purity grade betaine anhydrous (N,N,N—trimethylammonium acetate,
abbreviated as betaine, >99.0%) and betaine hydrochloride (HbetCl, >99%) were
purchased from Sigma (St. Louis, Missouri, USA). High-purity grade lithium
bis(trifluoromethylsulfonyl)imide (Li[Tf2N], >98.0%) salt was obtained from TCI
America (Portland, Oregon, USA). Concentrated hydrochloric acid was purchased from
Merck (Darmstadt, Germany) and 70% (v/v) nitric acid was purchased from BDH

chemicals (Sanborn, New York, USA). Both saturated 3% (w/v) bromine water and 0.3%
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(w/v) chlorine water were obtained from Ricca Chemical (Arlington, Texas, USA).
Indium(III) chloride anhydrous (InCl3) and thallium(III) chloride hydrate (T1Cl3.xH20)
were of analytical grade and purchased from Alfa Aesar (Tewksbury, Massachusetts,
USA). Deionized water (ELGA PURELAB DV25) with a resistivity of 18.2 MQ cm was

used for preparing the aqueous solutions.

2.1.4 In and Tl Extraction into DL-menthol-based ES

DL-menthol and lauric acid (> 98% purity) were purchased from VWR. Bis(2-
ethylhexyl) phosphate (HDEHP, >95% purity) was purchased from Alfa Aesar
(Tewksbury, Massachusetts, USA). Concentrated hydrochloric acid was purchased from
Merck (Darmstadt, Germany). Deionized water (ELGA PURELAB DV25) with a

resistivity of 18.2 M cm was used for preparing the aqueous solutions.

2.2 Radionuclides

Carrier-free '''In and 2°!T1 medical radioisotopes were purchased from
Mallinckrodt (St. Louis, Missouri, USA). Table 3 shows the production methods and

decay characteristics of the radionuclides.
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Table 3. Radionuclides used in this work, decay characteristic and production methods
Adapted from ref. [104].

Nuclide Nuclear reaction Radiopurity  Half- Y Intensity
life Energy
(%) (d) (keV) (%)
iy 12Cd(p,2n)'!'In 99.9 2.80 171.3 90.2
245.5 94.0
201 203T1(p,3n)*'Pb > 2T 98.2 3.04 70.8 46.0
167.4 10.0

Indium(III) chloride in 0.05 M hydrochloric acid and thallium(I) chloride in 0.9%
(w/v) sodium chloride and preserved with 0.9% (v/v) benzyl alcohol. The concentrations

of "'In and ?°'T1 per sample after multistep dilution were below 1 x 107! M.

2.3 Instruments and Analytical Techniques
2.3.1 Mutual Solubility of [Hbet][Tf2N] and Water

2.3.1.1 Nuclear Magnetic Resonance (NMR)

The solubility of [Hbet][Tf2N] in the aqueous phase was determined by measuring
the concentrations of betaine- and bistriflimide- containing species in the aqueous phase
with quantitative proton (*H) and fluorine (°F) nuclear magnetic resonance (NMR),
respectively. The NMR spectra were recorded using a Bruker Avance 300 MHz NMR
spectrometer. An overview on the NMR technique is available in [113] and the detailed

procedure on NMR measurement can be found in [106,114].
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2.3.1.2 Acid-base Titration

For the mutual solubility study of [Hbet][Tf2N] and water, the total hydrogen ion
concentration in the aqueous phase was determined before and after the aqueous and
organic phases were in contact (initial and equilibrium condition). The aqueous phase
was titrated using sodium hydroxide with a SCHOTT Instruments Titroline Easy

automated titrator.

2.3.1.3 Argentometry

The initial and equilibrium concentration of chloride anion in the aqueous phase
was determined by using Mohr method [115]. By using a burette, silver nitrate solution
was added gradually into an aliquot of chloride containing aqueous phase until all
chloride was precipitated as silver salt. Potassium dichromate was used as an indicator to

determine the end point of titration.

2.3.1.4 Karl Fischer Titration

To determine the solubility of water in [Hbet][Tf2N], the total content of water in
the IL phase was measured using a Mettler Toledo 32 Karl Fischer coulometric titrator.

lTM

The performance of the titrator was tested using a standard solution (Hydranal-water,

Fluka) containing 1,000 or 10,000 ppm water.
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2.3.2 In and TI Extraction

2.3.2.1 Sodium lodide Detector

The activity levels of radioactive In and TI in the aqueous and organic phases
after the extraction were measured using 2480 Wizard”’™ PerkinElmer automatic gamma
counter. This is a high efficiency, 3" well-type Nal(Tl) detector that can be set to count
up to 1000 samples [116]. The details on the operational procedure of the instrument can
be found in [117] and the principles of radiation detection using a Nal(Tl) detector can be

found in [118,119].

2.3.2.2 Inductively Couple Plasma-Mass Spectrometry (ICP-MS)

The determination of stable In and Tl concentrations in the samples was
accomplished using a PerkinElmer NexION 300D ICP-MS instrument. The ICP-MS
technique has been widely used for elemental analysis due to its high sensitivity,
capability to analyze multi-elements, wide linear range, possibility to obtain isotopic
information and applicability in various fields [120]. Detailed information about this

technique is available in refs. [121,122].

2.3.3 Other Instruments

The pH measurement was conducted by using VWR Symphony SB70P pH meter.
Analytical balances Sartorius model BP 2215 and Mettler-Toledo model ML204 with any

accuracy of £ 0.1 mg were used to weigh the components.

35



2.4 Experimental Procedures

2.4.1 Synthesis of [Hbet][Tf2N]

The IL [Hbet][Tf2N] was synthesized according to refs. [88,89] with some
modifications. Initially, 0.1 mol of betaine hydrochloride (MW 153.61 g/mol) and 0.1
mol of lithium bis(trifluoromethanesulfonylimide) (MW 287.075 g/mol) salts were
dissolved in deionized water and then mixed in a beaker. This mixture was stirred for 1 h
at room temperature then let to phase-separate. The main source of organic phase
impurities came from the salts (Li[Tf2N] and HbetCl) used for the ionic liquid synthesis
and therefore, the ionic liquid purity is at most 99%. The resulting IL was separated from
the aqueous phase and washed with small amounts of deionized water several times to
remove chloride impurities. An aliquot of the aqueous phase was drawn and treated with
silver nitrate after each washing step to check for chloride content. The IL was recovered
when there was no more precipitate observed in the aqueous phase.

Initially, an attempt to dry [Hbet][TfoN] IL using a rotary evaporator was made.
However, it was found that the resulting IL was very hygroscopic and viscous which
made it difficult to handle. This limitation has also been addressed in the literature [86].
Therefore, a preconditioning step was taken by pre-saturating [Hbet][TfoN] with
deionized water. This step was necessary to avoid further water uptake during the
partition trials, to minimize changes in the phase ratio, and to lower the viscosity of the
organic phase. For most of the experiments with [Hbet][Tf>2N], the IL was used as is after

the chloride impurity was removed.
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It was reported that the viscosity of water-saturated [Hbet][TfoN] at 25 °C is 84.7
cP [123]. The preconditioning method used in this study is similar with ref. [123].
Therefore, it is assumed that the viscosity of the water-saturated [Hbet][Tf>2N] in this
study is similar to the reported value above. The density of water-saturated [Hbet][Tf2N]
was determined by weighting the IL in a 1 mL volumetric microflask. The measured
density at 23 +2 °C is 1.439 + 0.014 g/cm?®, and is in good agreement with the literature

data (1.453 g/cm?®) [124].

2.4.2 Synthesis of DL-menthol — Lauric Acid ES

The ES was prepared by weighting DL-menthol (MW 156.269 g/mol) and lauric
acid (MW 200.318 g/mol) appropriately to obtain a 2 : 1 molar ratio. The solid mixture
was heated in a water bath at a temperature of 70 °C until liquid mixture was obtained
(typically it took 30 minutes). The mixture was cooled to room temperature before it was

ready to use.

2.4.3 Mutual Solubility of [Hbet][Tf2N] and Water

2.4.3.1 Overview of the Experiments

Mutual solubility of [Hbet][Tf2N] and water was studied in the presence of HCI
and zwitterionic betaine. The experiments were carried out at room temperature (23 + 2
°C) by the conventional liquid-liquid extraction technique. Due to its higher density
compared to the aqueous phase, in all solubility experiments the IL forms the bottom

phase.
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To determine the concentrations of the target analytes (betaine-bearing species
and sodium acetate internal standard) with quantitative "H-NMR, it is important to
distinguish the proton signal originating from the solvent and from the samples.
Therefore, in this study, deutero-hydrochloric acid (DCI) and deuterium oxide (D20O)
were used in place of HCI and H»O, respectively. The use of deuterium in place of light
hydrogen was assumed not to affect solute partition behavior in the biphasic system
under study.

In addition, this mutual solubility study required the analysis of the concentration
of the analytes in the organic and aqueous phases before and after the phase contact.
Thus, the following experimental details are defined for clarity. First, the concentrations
are expressed as molarities (mol/dm?®). Second, the initial concentration specifically refers
to the concentration of a species before the organic and aqueous phase are put in contact
(prior to the formation of biphasic system). Meanwhile, the equilibrium concentration
describes the concentration of a species after the formation and separation of the biphasic
system. The subscripts “init” and “eq” are used to denote the initial and equilibrium
concentrations, respectively. Third, the experiment involved organic (IL) and aqueous
phases. The subscripts “org” and “aq” are used to address the species in the IL and
aqueous phase, respectively. Fourth, since the analysis with 'H-NMR uses deuterated
solvents, deuterium (*H, D) from these solvents is also present in the aqueous phase in
addition to proton ('H) from the solutes. Therefore, for simplicity, a generic notation H*

is used to address the acidic proton from either source.
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2.4.3.2 Sample Preparation

The aqueous acidic phase was prepared by diluting concentrated deutero-
hydrochloric acid (DCl) with D>O appropriately to obtain the DCI concentrations in the
range of 0.01 — 8 M. The samples were prepared by adding equal volumes of water-
saturated IL and aqueous phase (typically 800 pL) into a 2-mL Eppendorf centrifugation
tubes. The required mass of IL was calculated using the density and weighed precisely to
obtain the required volume. The aqueous phase was added into the tube by an Eppendorf
Research precision pipette. Then, biphasic samples were vigorously mixed for 5 min at
1,500 rpm using a mechanical shaker (IKA vibrax VXR basic). After the mixing, the
samples were centrifuged for 5 min at 3,000 rpm (Micro Star 12, VWR) in order to
promote phase separation.

Subsequently, the aqueous phase was analyzed to determine the equilibrium
concentration of the IL cation and anion, proton, and chloride ions in the aqueous phase
using techniques described in sections 2.3.1.1 — 2.3.1.3. Meanwhile, the organic phase
was analyzed to determine the equilibrium concentration of water based the technique

described in section 2.3.1.4.

2.4.3.3 Sample Analysis

For analysis of samples with quantitative 'H-NMR and '°F-NMR, an aliquot of
the equilibrium aqueous phase was taken and mixed with sodium acetate and sodium

trifluoroacetate solutions as internal standards (6H = 1.90 ppm and 6F = -76.5 ppm,
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respectively). This solution was diluted with D>O to the required volume (typically 600
uL), then shaken in order to assure homogeneity and placed into the NMR tube. The

concentrations of the analytes were calculated using the following equation:

= () () (55) G Eq. 10

where C, I, N, and V are concentration, integral area, number of nuclei per molecule, and

volume of the analyte (x) and internal standard (std), respectively [106].

2.4.4 In and Tl Extraction into Pure Imidazolium- and Pyrrolidinium-based ILs

2.4.4.1 Sample Preparation

The aqueous hydrochloric acid (HCI) stock solutions were prepared by
appropriate dilution of concentrated HCI to obtain the solutions with the concentration of
0.01 — 8 M (mol/L). The organic phase was prepared by carefully weighing the IL to
obtain a volume of 500 pL in a test tube (the density and other properties of the ILs are
listed in Table 4). An equal volume of aqueous phase composed of HCI and an aliquot of
In or TI stock solution was added into the tube using an Eppendorf Reference precision
pipette. For the study of the extraction of TI(III), an aliquot of bromine (Br2) or chlorine
(Clp) water was added in order to oxidize TI(I) to TI(III).

After adding the organic and aqueous phase, the biphasic sample was shaken
vigorously with a VWR Signature digital vortex mixer at 3000 rpm for 5 min (except for
the kinetic study, in which the time was varied) at 23 + 2 °C. Then, it was centrifuged at

4400 rpm for 1 min (Eppendorf model 5702) in order to promote phase separation.
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Finally, an aliquot was taken from each phase to determine the indium or thallium
concentration or activity.

Table 4. Properties of the ionic liquids. The molar masses, melting points, densities, and
viscosities were obtained from the manufacturer. Meanwhile, the solubility of ILs in H>2O
and the cation hydrophobicity were obtained from refs. [114,125]. Adapted with
permission from “Thallium Transfer from Hydrochloric Acid Media into Pure lonic
Liquids” by E. E. Tereshatov et al., 2016. Journal of Physical Chemistry B, 120, 2311-
2322, https://doi.org/10.1021/acs.jpcb.5b08924. Copyright [2016] by American Chemical
Society.

Molar Mel'ting Density, Viscosity, S.olubility Cation' '
Tonic liquid mass, point, in H;O, hydrophobicity,

g/mol °C g/mL cP g/L log ko.c*
[Comim][FSI] 291.30 -13 1.39 24.5 26.7+2.7 0.22
[Comim][T£,N] 391.31 -16 1.52 35.55 18.8+1.1 0.22
[C4mim][T£,N] 419.36 —4 1.43 61.14 6.6 +0.4 0.67
[C3Cipyrr][TfN] - 408.40 +12 1.40 71.23 10.5+£0.6 <0.57
[C:Cimim][T;N]  419.36 +15 1.40 78.4 6.8+0.4 -
[Csmim][T£,N] 47547 <420 1.32 104 0.73 £0.05 1.8

*log ko = log capacity factor; related with the activity coefficient of IL’s cation in the mobile
phase at the beginning of the gradient. See ref. [125] for more details.

2.4.4.2 Sample Analysis

After phase separation, the organic and aqueous phase were analyzed to determine
the activity level (or concentration, in the case of stable metal analytes) of In or Tl in each
phase. For radioactive samples, the activity of the metal in the organic phase was counted

before the aqueous phase, and the activity in the latter phase was corrected for radioactive
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decay. Background correction was applied to the activity in both phases; then, the
extraction yield is quantified as distribution ratio (D) according to Eq. 6.

To ensure that the count rate obtained from the measurement with the Nal
detector is statistically meaningful, a minimum detectable amount (MDA) is set for every

measurement. The MDA (a) is calculated based on the following equation [118]:

Np
f-eT

a= Eq. 11

where Np is minimum amount of counts from the source that is required to ensure that
false-negative rate not more than 5% when the system is operated with a critical level (or
a trigger point that ensure the false-positive rate < 5%), f is the radiation yield per
disintegration, € is absolute detection efficiency, and T is the counting time per sample.
Nbp can be calculated according to equation below [118]:

Np = 4.653 oy, + 2.706 Eq. 12

where gy, is error of the background count.

2.4.5 In and Tl Extraction into Betainium-based IL

In this extraction experiment, In(III) and TI (I, III) were extracted into
[Hbet][TfoN] without and with the presence of zwitterionic betaine. [Hbet][Tf2N] IL was
synthesized according the procedure in section 2.4.1. The experimental procedure for the
partition experiment was identical with that described in section 2.4.4, with an additional
procedure for the system that contained additional zwitterionic betaine. For the latter

system, HCI containing betaine (typically 15% unless stated otherwise) was prepared
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prior to the phase mixing. This solution was prepared by weighing the appropriate
amount of zwitterionic betaine (MW 117.148 g/mol) in a tube and adding HCI into it
volumetrically.

To study the dependency of In(IIT) and TI(IIT) extraction on Li[Tf2N]
concentration, stock solutions of the salt were prepared. A known amount of Li[Tf>2N]
salt was dissolved in 0.05 M HCI and diluted gradually to obtain stock solutions with the
concentration ranging from 0.004 — 0.6 M. This experiment was carried out using stable
InCl3 salt or TICI3 hydrate and the aqueous phase samples were analyzed using ICP-MS

(see section 2.3.2.2).

2.4.6 In and Tl Extraction into DL-menthol-based ES

The ES composed of DL-menthol and lauric acid were synthesized according to
procedure described in section 2.4.2. The density of dry DL-menthol and lauric acid ES
at 25 °C is 0.894 g/cm®[95]. Therefore, in this system, the aqueous phase forms the
denser phase. HDEHP as the extracting agent was added into the organic phase prior to
the phase mixing. The partition experiment was carried out according to the procedure

described in section 2.4.4.
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3. MUTUAL SOLUBILITY OF [Hbet][Tfo2N] AND WATER"

This chapter focuses on the results of the mutual solubility study of [Hbet][Tf2N]
ionic liquid and water in the presence of HCl and zwitterionic betaine. Hydrochloric acid
was used as the aqueous phase media in the study of In(IIl) and TI(I, III) extraction into
[Hbet][Tf2N]. In addition, zwitterionic betaine was used as an additive or extractant to
improve the extraction yield of the metals in that chemical system. In order to understand
the extraction mechanism of In(III) and TI(I, III) into [Hbet][Tf2N], the chemical
interactions between the molecules in the system have to be understood. The results of
this mutual solubility study give an insight into it.

The analysis of the samples was carried out using several analytical techniques as
described in section 2.3. Table 5 provides the uncertainties of the techniques used in the
study. Additionally, as mentioned in section 2.4, deutero-hydrochloric acid (DCI) was
used in place of HCI for the purpose of 'TH-NMR measurement and this substitution was

assumed not to affect the chemical behavior of the solutes of interest.

* Reprinted with permission from “Effect of aqueous hydrochloric acid and zwitterionic betaine on the
mutual solubility between a protic betainium-based ionic liquid and water” by M. F. Volia et al., 2018.
Journal of Molecular Liquids, 276, 296-306, https://doi.org/10.1016/j.molliq.2018.11.136. Copyright
[2018] by Elsevier B.V.
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Table 5. The uncertainties of the analytical techniques used in the mutual solubility study
are presented.

Phase Species Technique Uncertainty (%)
Aqueous H*, D* Acid-base titration 2
CI Argentometry 10
[Hbet']  Quantitative 'H-NMR 10
[T£EN7]  Quantitative '’F-NMR 5
Organic Water Karl Fischer 5

3.1  Solubility of [Hbet][Tf2N] in Water

To determine the solubility of [Hbet][Tf2N] in water, a series of measurements
was conducted to quantify the concentrations of the IL’s cation and anion as well as
proton and chloride ion in the aqueous phase. The equilibrium concentrations of the IL’s
cation ([Hbet™]) and anion ([Tf2N ~]) were measured by using "H-NMR and '?F-NMR
techniques, respectively. Meanwhile, the aqueous phase was titrated separately by using
NaOH and AgNO:s prior to and after being in contact with [Hbet][Tf2N] to determine the
initial and equilibrium concentration of H* and C1™ ions. These measurements give the
total equilibrium concentrations of all betaine-, bistriflimide-, and proton-containing

species as well as the equilibrium concentration of C1™ ion in the aqueous phase. In
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addition, the concentration of free hydrogen ion in water was determined by using a pH
meter.

Prior to analyzing the data, it is important to understand the underlying chemical
reactions of [Hbet][Tf2N] solubility in the aqueous phase. After [Hbet][Tf2N] IL was
mixed and separated with the aqueous phase, the IL was expected to partially distribute
into the aqueous phase and dissociate into betainium and bistriflimide ions according to
Eq. 13:

[Hbet][Tf,N]org 2 [Hbet*],q + [Tf,N"]oq Eq. 13.
In the aqueous phase, betainium (pK. = 1.83) [86,87] dissociates to form proton and
zwitterionic betaine (bet):

[Hbet™],q 2@ H" g + [bet]aq Eq. 14.
In the presence of proton, bistriflimide anion undergoes protonation to form HTf2N acid
(pKa=0.16) [103] via the imide nitrogen sites:

H* q + [TfoN7]aq 2@ [HTEN]oq Eq. 15.

Since the results from the NMR measurements and NaOH titration give only the
total concentration of all betaine-, bistriflimide-, and proton-containing species, the
concentrations of individual species as the reaction products in the aqueous phase shown
in Egs. 13 — 15 cannot be deduced directly from these measurement data. Therefore, a
system of linear equations was developed to evaluate the individual concentrations of
these species.

The system of linear equations is comprised of the mass balance equations of the

proton-, betaine-, bistriflimide-bearing species (Eqs. 16 — 18), the dissociation constants
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(Ka) of [Hbet*] and [HTf2N] (Egs. 19— 20), and the relationship that shows the
dependence of the activity coefficient yy¢;4 on the H" concentration (Eq. 21).
Hereinafter, proton-, betaine-, bistriflimide-bearing species are referred to as Hritated,

Betnmr, and Fawr, respectively.

[H+]aq + [Hbet+]aq + [HTfZN]aq = [HTitrated] Eq- 16.
[Hbet*],q + [bet]aq = [Betymgr] Eq. 17.
[Tf,N"]aq + [HTE;N].q = [Fymr] Eq. 18.
VHCli[H+]aq[bet]aq _

[Hbet*]aq ~ T Hbett] Eq. 19.
VHCli[H+]aq[TfZN_]aq _

[HTf;N]aq ~ TAHTE,N] Eq. 20.
YHCI+ = f([H+]aq) Eq- 21.

The system of equations used the mean ionic activity coefficient of HCI (yy¢;+) in Egs.
19 — 20 for the activity coefficient of the protons, with the assumption that this quantity is
not affected by the presence of other ions dissolved in the aqueous phase [126,127]. It
also has to be noted that the presence of various ions in the aqueous phase is likely to
change the ionic strength of the solution especially when the HCI concentration is high.
Since the concentration of [H*] was varied, the effect of the ionic strength on the activity
coefficient is indirectly accounted for in the system of equations. The dependence of the
activity coefficient yy¢;+ on the H concentration in Eq. 21 was implemented using a
lookup table based on literature data combined with linear interpolation [126]. It is also

known that, in the presence of hydrochloric acid, [Hbet"] interacts with C1~ ion to form
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[Hbet]Cl species (one of the precursors of [Hbet][Tf2N]). However, this species was
considered to be completely dissociated and was not included in the system of linear

equations above.

3.1.1 Evaluation of the Solubility of the [Hbet][Tf2N] in the Absence of DCI

The solubility of [Hbet][Tf2N] in the absence of DCl is discussed in this section.
The chemical systems that were evaluated consisted of pre-equilibrated [Hbet][Tf2N] as
the organic phase, and pure water or water containing initially 15 % (w/v) bet (1.28 M) as
the aqueous phase. The data from '"H-NMR, '"?F-NMR, titration and pH measurements for
these systems were collected, then the equilibrium concentrations of individual species
were calculated using the system of equations (Eqs. 16 — 21). The results are shown in
Table 6. The uncertainties of the calculated values in Table 6 were estimated by using the
values of uncertainties of the corresponding species in Table 5. Hereinafter, “measured”
concentrations refer to the experimentally measured values and “calculated”
concentrations refer to the concentration of individual species evaluated by the system of

equations.
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Table 6. Experimentally measured values and the calculated concentrations of individual species in the equilibrium aqueous
phase based on the results from solving the system of equations. The chemical systems that were evaluated consisted of pre-
equilibrated [Hbet][Tf2N] as the organic phase, and pure water (denoted as “Water” in the table below) or water containing
initially 15 % (w/v) bet (1.28 M) (denoted as “Water + bet”) as the aqueous phase. Note that the presence of [H].q in pure water
was due to the solubility of [Hbet][Tf2N] in the aqueous phase.

Experimentally measured values Calculated values

Species Water (M) Water + bet (M) Species Water (M) Water + bet (M)

[H*],q 0.045£0.004  (3.35+033)10° [H*]aq 0.048 + 0.005 (6.2 +0.6)107

[Hritrateal 0.313 £0.031 0.296 % 0.030 [Hbet*],,  0.251 £0.025 0.288 + 0.029
[Betymp] 0.344 +0.034 1.030 £0.100 [bet]aq 0.093 = 0.009 0.750 = 0.080
[Fxmr]  0.274 £0.014 0.260 + 0.013 [TEN"l.q 0259 +0.013 0.258 +0.013

[HTf,N],q (1.47+0.07)002 (2.10+0.11)T0°
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As seen in Table 6, the experimentally measured hydrogen ion concentration in
water ([H"]aq = 0.045 £ 0.004 M) is in a good agreement with the calculated value ([H*]aq
=0.048 £ 0.005 M). This result suggests that the proposed system of equation is adequate
to describe the real concentration of the species. However, the calculated concentration of
the same species in water containing 15 % (w/v) bet is two times larger than the
measured value ((6.2 + 0.6)0> M vs (3.35 + 0.33)0~> M). This discrepancy may result
from the change of the chemical potential in the solution due to the presence of
zwittterionic betaine in water. The effect of the change of the chemical potential is
unknown and was not taken into account in the system of equations. In addition, betaine
solution is known to pose challenges in pH measurement due to its low ionic strength
which affect the accuracy in the measurement [128]. Therefore, it is likely that both the
measured and calculated values for H* species in this chemical system have additional
unquantified systematic errors.

The effect of addition of zwitterionic betaine in water was analyzed further. The
calculated equilibrium concentrations of cationic and anionic species, [Hbet"] and
[Tf2N7], shown in Table 6, in pure water and water containing 15 % (w/v) bet are
comparable. Meanwhile, for zwitterionic betaine species (bet), the calculated equilibrium
concentration in the aqueous phase was found to be 0.750 + 0.080 M, which was lower
than the initial one (1.28 M). This finding indicated that this species was partially
transferred into the organic phase. In has been suggested that neat [Hbet][Tf>N] is able to
dissolve up to 60 mol % of zwitterionic betaine [129]. The presence of an additional 15

% (wlv) bet in water also affected the amount of HTf,N species. In Table 6, it can be seen
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that the calculated equilibrium concentration of this species is lower than that in the pure
water system. HTT;N is the product of [Tf2N7] protonation and this reaction is possible
due to the presence of free proton liberated from [Hbet"] according to Eq. 14. The
presence of bet in excess would suppress the dissociation of the cationic species [Hbet"]
(see Eq. 14) and thus, lower the amount of free proton that was available to protonate
[Tf2N] in this chemical system. Consequently, the amount of HTf>N in the aqueous
phase also decreased.

Most of the reports on IL solubility are based on the measurement of the aqueous
equilibrium concentration of the IL cation [86,103,112]. For instance, the reported value
of the solubility of [Hbet][Tf2N] based on 'H-NMR measurement is 14 + 0.5 wt % [sic]
[86], which is equal to 0.371 + 0.010 M (assuming the density of the pre-equilibrated IL
is 1.453 g/cm3). The experimental result on [Hbet][Tf2N] solubility in water obtained in

this work is 0.344 + 0.034 M, in good agreement with the literature data.

3.1.2 Evaluation of Solubility of [Hbet][Tf>N] in the Presence of DCI

The effect of the presence of DCI on the solubility of [Hbet][Tf2N] in the aqueous
phase was evaluated. The chemical systems consisted of pre-equilibrated [Hbet][Tf2N] as
the organic phase, and DCI or DCI containing initially 15 % (w/v) bet (1.28 M) as the
aqueous phase. The DCI concentration was varied in the range of 0.01 — 8 M and 0.009 —
6.8 M in the absence and the presence of betaine, respectively. The aqueous phase

samples were analyzed with analytical procedures similar to the water-based system
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discussed previously. The equilibrium concentrations of the individual species were
calculated using the system of equations (Eqgs. 16 —21).

The dependency of experimental and calculated equilibrium concentrations of
betaine-containing species on aqueous phase acidity are presented in Figure 10. It can be
seen that, in the absence of betaine, the concentration of all betaine-containing species
(Betnmr) increased with increasing aqueous phase acidity (Figure 10a). A similar trend
was also observed for the calculated equilibrium concentration of [Hbet"]. Meanwhile, in
this chemical system, bet species only existed at <0.5 M DCI. Above this acid
concentration, bet is fully protonated. This is evident from the figure where bet
concentrations above 0.5 M DCI approach zero values while the concentrations of
protonated [Hbet*] species overlap with the measured Betnwmr values, indicating that only
[Hbet*] species existed at high acid concentrations.

Furthermore, when 15% (w/v) bet (1.28 M) was added into the aqueous phase, the
equilibrium aqueous concentration of Betxmr at low acidity (<1 M) was found to be
lower than the initial bet concentration and it was independent of DCI concentration
(Figure 10b). This finding suggested that some betaine-containing species was transferred
into the organic phase. The results from solving the system of equations indicated that
this species is zwitterionic betaine (bet). Figure 10b shows that, below 1 M initial DCI
concentration, the calculated equilibrium concentrations of bet are indeed higher than
[Hbet*]. The presence of higher acid concentration resulted in the protonation of bet.
Consequently, [Hbet*] increased with increasing acidity. Additionally, it is noteworthy

that at high acidity (>1 M DCI) the concentrations of Betnmr are greater than that of
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initial bet. This leads to the conclusion that the presence of zwitterionic betaine in a very

acidic aqueous solution increases the solubility of [Hbet][Tf>2N] significantly.
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Figure 10. The dependency of betaine-containing species concentration on the aqueous
phase to acidity. The aqueous phase only contains DCI (a) and contains DCI and [bet]aq, init
= 15% w/v (1.28 M) (b). The closed and open symbols are experimental data and
calculation results obtained by using the system of equations, respectively. The lines are
drawn to guide the eye.

The effect of DCI concentration on the equilibrium concentration of bistriflimide-
bearing species in the absence and presence of zwitterionic betaine is presented in Figure
11a and 11b, respectively. In both figures, it can be seen that [Fnmr] decreased with

increasing acid concentration but it experienced a steeper decline in the chemical system
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containing additional betaine (Figure 11b). As expected, at low acid region (<1 M DCI)
the bistriflimide-bearing species was mostly [Tf2N~] anion, but as the acid concentration

increased, the protonated species, HTf2N, was the dominant one in the aqueous phase.
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Figure 11. The dependency of bistriflimide-containing species concentration to the
aqueous phase to acidity. The aqueous phase only contains DCI (a) and contains DCI and
[bet]ag, init = 15% w/v (1.28 M) (b). The closed and open symbols are experimental data and
calculation results obtained by using the system of equations, respectively. The lines are
drawn to guide the eye.

The equilibrium concentrations of betaine- and bistriflimide-containing species in
the aqueous phase that are shown above gave some important details about the

distribution of the species originated from the IL between the two phases. For instance,

54



while the IL’s cation and anion dissolved simultaneously into the aqueous phase as an ion
pair (see Eq. 13), their equilibrium concentrations were not always the same. In the
aqueous phase containing only water, shown in Table 6, the equilibrium concentrations of
Betnmr and Fnmr are approximately equal. However, in the presence of DCI, the amount
of Betnwr is higher than Fymr (Figure 10a and 11a). The difference between the
equilibrium concentrations of these species are more pronounced as the concentration of
DCl increased. Moreover, it was also observed that the presence of additional betaine at
high acidity suppressed the equilibrium concentration of Fxmr even lower compared to
the system containing only DCI (Figure 11) but the effect of betaine addition to Betxvr
was the opposite (Figure 10b).

The difference between the equilibrium concentrations of Betnmr and Famr due to
the acidity of the aqueous phase can be explained from the preferential distribution of
their speciation products either to the aqueous or the organic phase. As the acidity
increased, there are more free protons available to form [Hbet*] and H[Tf,N]. However,
while [Hbet*] is known to be highly solvated by water molecules [130] and likely to stay
in the water-rich phase, H[Tf>2N] contains a hydrophobic anion and has a higher affinity
to the IL phase [112]. Thus, the latter species would likely to be transferred into the
organic phase. Consequently, the equilibrium concentrations of these two species in the
aqueous phase are no longer equal.

The apparent decrease of Fnmr at high acidity due to the presence of zwitterionic
betaine compared to the system containing pure DCI (Figure 11) seems to be strongly

related with increasing amounts of the protonated betaine-containing species, [Hbet"].
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According to Le Chatelier’s principle, changing the condition of a chemical system at
equilibrium (which also means applying a stress) will force the system to shift the
equilibrium to the direction that reduces the stress [131]. This means that, increasing
amounts of [Hbet"] as the reaction product of bet protonation will reduce the solubility of
[Hbet][Tf2N] according to Eq. 13. As a result, the amount of [Tf2N"] in the aqueous
phase decreased.

The analysis of the equilibrium concentrations of proton-containing species gives
further insight into the solubility behavior of [Hbet][Tf2N] in DCI. Figure 12 shows the
equilibrium concentrations of total proton (Hritrated) as a function of initial DCl
concentration. The broken lines in Figure 12a and 12b indicate the reference value when
the initial and equilibrium concentration of Hritatea are equal. In reality, it can be seen in
the figures that, below 1 M DCI, [Hriwaed] are above the reference lines. The increase of
equilibrium concentration of total proton species was possible only due to the dissolution
of [Hbet][Tf2N] in the aqueous phase. As shown in the figures, [Hbet"] is the dominant
species in that acid region. Above 1 M DCI, the equilibrium concentrations of Hritrated are
equal to the initial ones.

The presence of zwitterionic betaine has several effects on the speciation of
proton-containing species in the aqueous phase (Figure 12b). The amount of [Hbet"] at
low acid concentration is approximately the same with the system without betaine added
(Figure 12a), but it increases significantly at higher acidity. Due to the protonation of
zwitterionic betaine that is present in excess in the aqueous phase, the equilibrium

concentrations of free proton, H*, are generally lower in the entire acid region. As a
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result, the amounts of H[Tf>2N] are also lower compared to the system without betaine

added.
(b)
10 4 10t 4
E Titrated]aq,eq E Titrated]aq,eq
] —O—[Hbet*]aq,eq ] —O—[HBet*]aq,eq
10° - = 10° - =
R R
c c
il il
4+ 4+
© ©
€ 107 5 € 10" 5
Q 4 ()] .
(8] 1 (8] 1
c C
o o
(@] (@]
107 5 107 4
10 4 ——rrrrr—r—rrrr——rrrrrm 10 “+rr——rrrrr—— i ——rrr
0.01 0.1 1 10 0.01 0.1 1 10
[DCl], ., (M) [DCl];pie (M)

Figure 12. The dependency of proton-containing species concentration to the aqueous
phase to acidity. The aqueous phase only contains DCI (a) and contains DCI and [bet]agqinit
=15% wl/v (1.28 M) (b). The dashed line (y = x) indicates the reference value when the
initial and equilibrium H* concentrations are equal. The closed and open symbols are
experimental data and calculation results obtained by using the system of equations,
respectively. The lines are drawn to guide the eye.

3.2 Solubility of Water in [Hbet][Tf2N]

Prior to contact with the acidic aqueous phase, the water content in pre-
equilibrated [Hbet][Tf2N] IL was analyzed by using the Karl Fischer titration technique.
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It was found that the IL contained 13.8 + 0.5 wt % water, consistent with reported values
in the literature [86,87,112]. In addition, the pre-equilibrated [Hbet][Tf,N] was also
contacted with water containing 15 % (w/v) bet and the IL phase was analyzed further.
The amount of water in the IL phase in the presence of additional betaine was found to be
13.8 £ 0.5 wt %, leading to conclusion that the extra betaine in the aqueous phase did not
affect the solubility of water in [Hbet][Tf2N].

Figure 13 shows the effect of aqueous phase acidity on the solubility of water in
[Hbet][Tf2N] IL. The solid horizontal line indicates the measured water content in the
pre-equilibrated IL phase prior to contact with the aqueous phase. After the formation of
the biphasic system with DCI < 1 M, the equilibrium water content in the IL was
constant. However, it decreased when the aqueous phase acidity was higher.
Interestingly, the equilibrium water content in the IL phase was generally lower than the
initial ones after it was contacted with DCI containing 15 % (w/v) bet. Further decrease

was observed when the aqueous phase acidity was above 3 M.
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Figure 13. The amount of equilibrium water content in the IL phase as a function of initial
aqueous DCI concentration. The solid horizontal line represents the water content in pre-
equilibrated [Hbet][Tf2N] (initial water concentration), while the dashed horizontal lines
represent its error values. The lines are drawn to guide the eye.

The decrease of equilibrium water content in the IL phase that is observed in the
figure above is a clear indication of transfer of water from the pre-equilibrated IL phase
into the aqueous phase. This phenomenon is likely due to high concentration of ions in
the aqueous phase that attract water molecules into it. Water is a polar molecule and it
interacts strongly with ions [131]. At high DCI concentration and the presence of 15 %
(w/v) zwitterionic betaine, the aqueous phase was populated by ions e.g., proton, chloride

ion and betaine. Due to its high charge density, chloride ion in the aqueous phase is
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strongly solvated by water molecules [112]. Meanwhile, betaine has both hydrophilic
carboxylate and hydrophobic methyl groups [132,133] and water molecules are strongly
bonded to the carboxylic acid group through the hydrogen atom [133,134]. These facts
are also supported by a theoretical study which suggests an increase of water solvation
around the betaine’s molecule is observed when betaine is present in excess [130].

The relationship between the amount of water transferred into the aqueous phase
(D204q) and betaine behavior as a function of acid concentration is shown in Figure 14.
Both the equilibrium concentrations of Betnmr and D20.q (Figure 14a and 14c,
respectively) are constant in the presence of pure aqueous DCI up to 1 M. Above this acid
concentration, the amount of D20,q increased. Similar tendency was also observed in the
case of Betnmr. The presence of high H" and CI™ concentrations is likely to reduce the
amount of free water available in the aqueous phase due to solvation of these ions and
thus, prompted the transfer of water from the IL phase to the aqueous phase.

The solvation effect is more pronounced when an additional 15 % (w/v) bet was
dissolved in DCI. It can be seen in Figure 14d that D20O.q was much higher in this
chemical system compared to pure DCI. An increase in the amount of Betnmr and D20aq
in the aqueous phase was observed at very high acid concentration (Figure 14b and 14d).
This is likely the effect of even lower free water available in the aqueous phase due to
betaine solvation, in addition to high H" and CI” concentrations that also existed in the

aqueous phase.
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3.3 Extraction of Species into [Hbet][Tf2N]

In the previous section, it was shown that the equilibrium concentrations of
Betnmr and Fnmr were not equal (see Figure 10 and 11). The presence of DCI increased
[Betnmr] but its effect to [Fnmr] was the opposite. The difference between the
equilibrium concentrations of these species was assumed to occur due to the transfer of
the hydrophobic H[TfoN] species into the organic phase. Meanwhile, in the presence of

15 % (w/v) bet in DCI, betaine species was also found to be partially transferred into the
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organic phase (Figure 10b) particularly in less than 1 M DCI. This section discusses the
possible chemical reactions involved in the process and estimates the concentrations of
the transferred species.

The following analysis was made with the assumption that the intermolecular
interaction in the organic phase is weak, such that the activity coefficients of betaine- and
bistriflimide-containing species is assumed to be equal to 1. First, a cation exchange
process between the aqueous and the organic phase was considered to have taken place,
followed by extraction of [HTf,N] species into the organic phase:

H*,q + [Hbet*]org @ H g + [Hbet™]q Eq. 22
H*,q + [Tf;NT]aq 2 [HTfN]org Eq. 23

Second, a mass balance equation was proposed based on the difference of the
equilibrium concentration of Betnmr and Famr. A correction factor (see the parameter in
the parenthesis below) was applied to account for the change of the concentration of

betaine species due to protonation:

[BetNMR]aq,eq - [FNMR]aq,eq = [H+]org,eq + [HTfZ N]org,eq + [bet]org,eq )

(1 + VHCli'[H+]aq,eq) Eq 24

Ka [Hbet+]

Third, the concentrations of proton and H[Tf>2N] species that were extracted into
the organic phase were quantified. The calculation was made based on the difference in
the equilibrium concentrations of Betnmr and Fnmr 1n the presence and absence of acid:
[H"lorgeq = [Betymrlageqpcr — [Betnmrlageqn,o Eq. 25

[HTfZN]org,eq = [FNMR]aq,eq,DCl - [FNMR]aq,eq,Dzo Eq' 26
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Finally, the concentration of betaine that was extracted into the organic phase can

be obtained from Eq. 24, taking into account the results from Eqgs. 25 and 26:

[bet]org,eq = ([BetNMR]aq,eq - [FNMR]aq,eq - [H+]org,eq - [HTfZN]org,eq) )

-1
<1 + VHClJ_r'[H+]aq,eq> Eq. 27

Ka [Hbet+]

The results of the calculation of the extracted species concentrations based on
Eqgs. 25 - 27 are presented in Figure 15. This figure is a visual confirmation that shows
the transfer of H*, H[TfoN] and betaine species into the organic phase as described in the
previous section. Figure 15a shows the extraction of species from the aqueous phase into
the organic phase in the absence of betaine. It can be seen that the betaine species was not
extracted since the values approach zero in all acid concentrations that were studied.
Conversely, the concentrations of H* and H[Tf2N] increased with increasing acidity
(Figure 15b). Similar results were obtained for the extraction H" and H[Tf2N] species in
the system containing 15 % (w/v) betaine. Interestingly, betaine species was shown to be
extracted into the organic phase from acid concentrations below 3 M. The error bars on
[H*] data points were estimated by extrapolating the error values of betaine-containing
species in the absence and the presence of acid (see Eq. 25). Because there was a large
amount of betaine presented in the aqueous phase, the estimated errors on the H*

concentrations also appeared to be large.
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Figure 15. The calculated concentrations of proton, H[Tfo2N], and bet species that were
extracted into the organic phase as a function of initial acid concentration. The aqueous
phase contains pure DCI (a) and contains DCI and 15 % (w/v) bet (b). The lines are drawn
to guide the eye.

3.4 Conditional Solubility Product Constant

Some studies suggested that the mechanism of metal extraction into an IL is
governed by the solubility of the IL in the aqueous phase [103,106,135,136]. Therefore,
the solubility product constant (Ksp) becomes an important parameter that allows for
determination of the concentrations of the IL cation and anion in the aqueous phase and
explain the metal extraction mechanism [135]. This section discusses an approach to

estimate the K, of [Hbet][Tf2N] in the aqueous phase.
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According to the dissolution reaction in Eq. 13 the K, of [Hbet][Tf2N] can be

written as follows:
Ksp = [Hbet+]aq~ [TfZN‘]aq Eq. 28

However, both of the IL’s cation and anion experienced deprotonation and protonation
reaction in the aqueous phase. Therefore, Eq. 29 has to be modified and as a consequence,

the obtained result is the conditional solubility product constant (Ksp’):
Ksp' = ([Hbet*lageq + [betlageq )([TE2N"lageq + [HTEN]ageq) Eq. 29

Equation 29 is modified further to take into account the dissociation constants of [Hbet"]

and H[Tf2N] as well as the activity coefficients for all charged species (y;4):

I Ka ett Y '[H+]a e _
Ksp = VIZLi ' [Hbet+]aq,eq (1 + &> (1 +M) [Tf,N ]aq,eq

VHCli'[H+]aq,eq Ka[HTfZN]

Eq. 30

The charge balance in the aqueous solution at equilibrium is shown in the following
equation:
[H+]aq,eq + [Hbet+]aq,eq = [TfZN_]aq,eq + [Cl_]aq,eq Eq- 31
Based on the equation above, the sum of equilibrium concentrations of the cations was

plotted as a function of the sum of equilibrium concentrations of the anions. The results

are shown in
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Figure 16. The dashed lines in the figure show the expected trend for perfect agreement
between the cation and anion concentrations. It can be seen that the data points on both

plots follow the expected trend. This confirms the validity of Eq. 31.
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containing DCI with 15 % (w/v) bet (b). The dashed line shows the trend expected for

perfect agreement between the cation and anion concentrations.

Furthermore, the combination of Egs. 30 and 31 leads to a quadratic equation either for

[Hbet*|ageq OF [TfN"]ageq Species, for example:
K + Tyt
r_ .2 . + a[Hbet™| vaci+ [H Jageq +
Ksp =YL+ [Hbet ]aq,eq <1 + VHCli'[H+]aq,eq> (1 + Ka[HTf,N] ) ([H ]aq,eq +
[Hbet*]ageq — [Cl lageq) Eq. 32

Solving Eq. 32 for [Hbet™],qeq leads to:
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[Hbet*|ageq =

K -1 JH+ -1
_ 2 _ a[Hbet*] Yacl+HY ] 3g e
cl -[H* + |([c1- -[H* +4-KL Z-<1+—> -<1+—q'q
[CI"Jag,eq - [H¥]ag,eq \]([ lageq - [H*lag,eq) spVIL* YHCE T Tageq C—

2

Eq. 33
Since the activity coefficients of the ionic liquid species are unknown, the
equation above was used to fit the experimental data only in the low acid region (up to
0.2 M) where it can be assumed that y;;4+ ~ 1. To allow the variation of [Hbet "], ¢q in
Eq. 33 only as a function of [H*]ageq, an empirical relation between [Cl Jageq and [H*Jageq
was developed such that the term [Cl Jageq can be substituted with [H*]ageq. Using the data
on the equilibrium concentrations of [H]aq and [Cl Jag.eq in the absence of betaine, the

empirical relation between those two quantities is shown below:

0.472

log ([Cl7]ag.eq) = 1.804 - (log([H*]ageq) + 1.503) — 1.900 Eq. 34
Meanwhile, using the data on the equilibrium concentrations of [H*]aq and [Cl Jageq in the

presence of 15 %(w/v) bet, the following relationship was obtained:

0.245

log ([C1 lageq) = 2.300 - (log([H*1ag.eq) + 2.294) — 2.293 Eq. 35
Figure 17 shows the experimental data fitting for [Hbet*] and [TfoN"] as the
function of equilibrium [H*]. The Kp’ value seems to increase in the presence of 15 %

(w/v) bet compared to the system without betaine added.
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Figure 17. The concentration of [Hbet] as a function of [H*] (a) and the concentration of
[Tf2N7] as a function of [H*] (b). Both figure panels show data in the presence and absence
of bet. The red lines are fits based on Eq. 32, which allows for the determination of the
conditional solubility product constant (Ks,") of [Hbet][Tf2N].

The Ksp’” of [Hbet][Tf2N] can also be estimated by using the experimental results

of the equilibrium concentration of betaine- and bistriflimide-containing species:

Ksp' = [Betymrl[Fnmr] Eq. 36
Expressing Eq. 36 in term of [Betnmr]:
[Betymr] = Kep' * 1/[Fymrl] Eq. 37

Figure 18 shows the plot of [Hbet"] as the function of the reciprocal of the
equilibrium [Fnmr] based on Eq. 37. The slope in the figure indicates the Ksp” of
[Hbet][Tf2N]. The results of K’ calculated using this approach are in agreement with
the results from the fitted parameter shown in Figure 17. Unfortunately, the K,” of

[Hbet][Tf2N] in aqueous phase containing 15 % (w/v) betaine cannot be estimated. This
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chemical system contains higher concentration of ions, and the activity coefficients of the
ionic liquid species, which is part of the Ksp’ equation, can no longer assumed to be equal

to 1.

07| K =0.099£0.002

0.6 - J

0.5 1 -

[Betyyrl, M

1/[FNMR]' M

Figure 18. [Betnmr] as a function of inverse [Fnvr] based on Eq. 37. The red line is a linear
fit and the green lines represent the 95 % confidence interval.

Based on the findings from these mutual solubility experiments, the extraction
behaviors of In(IIT) and TI(I, III) extraction into betainium-based IL can be better

understood. The extraction experiments and the results are discussed in Chapter 4.
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4. INDIUM AND THALLIUM EXTRACTION INTO IONIC LIQUIDS AND

EUTECTIC SOLVENTS"

This chapter focuses on the results of indium and thallium extraction into various
chemical systems consisted of ILs or ESs as the organic phase and HCI as the aqueous
phase media. First, the results of In(Ill) and/or TI(I, III) extraction into aprotic ILs,
imidazolium- and/or pyrrolidium-based ILs, as well as into protic betainium-based IL are
presented and discussed. The mechanisms of metal extraction into some of these
chemical systems are also shown. This chapter also includes the result of In(III) and TI(I,
III) extraction into DL. menthol-based ES, in the presence and absence of HDEHP as the
extracting agent. The data on TI(I, III) extraction into pure imidazolium- and
pyrrolidinium-based ILs have been published in and used with permission from the
Journal of Physical Chemistry B [136]. Meanwhile, the results of In(III) and TI(I, III)
extractions into betainium-based IL have been submitted for publication.

The samples for these experiments were prepared according to the procedures
described in sections 2.4.4 — 2.4.6. Unless stated otherwise, carrier-free '''In and 2°' Tl
radionuclides were used as the metal sources and the sample analyses were carried out

using a Nal(Tl) gamma counter.

* Reprinted with permission from “Thallium Transfer from Hydrochloric Acid Media into Pure Ionic
Liquids” by E. E. Tereshatov et al., 2016. Journal of Physical Chemistry B, 120, 2311-2322,
https://doi.org/10.1021/acs.jpcb.5b08924. Copyright [2016] by American Chemical Society.
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4.1 TI Extraction into Pure Imidazolium- and/or Pyrrolidium-based Ionic Liquid

This section discusses the capability of various imidazolium- and/or
pyrrolidinium-based ILs to extract T1(I) and TI(IIl). In an earlier paragraph it was
mentioned that thallium has two oxidation states: +1 and +3. The 2! T1 radionuclide that
was purchased from the manufacturer was in the form of TI(I). Therefore, for the
experiments involving TI(III), an oxidizing agent, bromine (Brz) water or chlorine (Cl»)
water was used to oxidize TI(I). This section also discuss the kinetics of T1(III) extraction

and TI(I, IIT) extraction mechanism.

4.1.1 TI(I) Extraction into Pure Imidazolium- and/or Pyrrolidinium-based Ionic Liquid

Thallium(I) extraction into various imidazolium- and/or pyrrolidinium-based
ionic liquids was investigated. First, the influence of the cation’s alkyl chain on TI(I)
extraction yield was studied by varying the alkyl length of the imidazolium cation’s with
2, 4, and 8 carbons. These ILs have the same anion group. The results are shown in

Figure 19.
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Figure 19. Thallium(I) extraction into [Cymim][Tf,N] where n = 2, 4, and 8. The lines are
drawn to guide the eye.

The results in Figure 19 show that the length of the alkyl chain on the IL cation
group affects TI(I) extraction especially at lower acidity (< 1 M HCI). At any given acid
concentration at that acid region, the extraction yield of TI(I) decreases as the alkyl chain
increases in length: [Comim][TfrN] > [C4mim][TH2N] > [Csmim][Tf2N]. Also in the same
acid region, D values of TI(I) extracted with [Chomim][Tf>2N] (n = 2 and 4) decreased with
increasing acidity, while that with [Csmim][Tf2N] increased steadily. Above 3 M HCI,

Dy values increased regardless of the IL’s structure.
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In general, the results above show that T1(I) was poorly extracted into these ILs
([Comim][Tf2N], n =2, 4, and 8). D) values were mostly below 0.1 in the entire range
of HCl that was studied. However, the behavior of TI(I) extracted into these ILs can give
an insight into the extraction mechanism, which is strongly correlated with TI(I)
speciation in the aqueous phase.

When it is dissolved in aqueous chloride media with different concentrations, a
series of TI(I) species exists in the aqueous phase [46]. At low chloride concentration, the
predominant species is TI* [46]. This is a hydrophilic ion, and is likely to stay in the
aqueous phase where it is better solvated. In the chemical systems under study, below 1
M HCI, TI(I) was most likely extracted through ion exchange mechanism between T1*

species with the IL’s cation as described in Eq. 38 below:
[TI*]aq + [Comim™]gre 2 [TI*]org + [Cumim™],g Eq. 38

The reaction in Eq. 38 above indicates that the IL’s cation has to dissolve in the
aqueous phase to allow for the exchange reaction with TI* to occur. The decrease of TI(I)
extraction yield with increasing length of the cation’s alkyl chain shown in Figure 19 is
likely the consequence of increasing cation solubility in the aqueous phase. This
hypothesis is supported by the solubility values obtained from the literature. As shown in
Table 4 (see section 2.4.4) the solubility of the IL’s cations decreases with increasing the
length of the alkyl chain: [Comim*] > [C4mim*] > [Csmim*]. Likewise, the cation’s

hydrophobicity increases in the same order.
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Meanwhile, Figure 19 shows that the extraction of TI(I) at higher acidity (> 3 M)
was not affected by the structure of the IL cations. At this acid region, the predominant
TI(I) species is the anionic complex TICl>™ [46]. Since the extraction is independent of the
cation’s structure, most likely T1(I) was transferred to the organic phase via an anion
exchange mechanism:

[TICl; Jaq + [TE2NT]org @ [TICL Jorg + [TfNT]og Eq. 39
In addition to the mechanism reaction above, ion pair formation between TICl>™ and IL
cations, and/or extraction of neutral TICI species is also possible.

The influence of IL anion on TI(I) extraction was also studied. Figure 20 shows
the distribution ratio of TI(I) extraction into [Comim][Tf2N] and [Comim][FSI] as a
function of aqueous phase acidity. The structure of the IL anions is similar, but with
different number of fluorine ions in their molecules (the anion [Tf2N7] has six fluorine
ions while [FSI™] has two; see the anion’s structures in Figure 5, section 1.4.1). As can be
seen in Figure 20, in the entire HCI concentration that was studied, the D values of TI(I)
extracted into [Comim][FSI] are slightly higher than [Comim][Tf2N]. It is believed that
the same extraction mechanisms that are described in the paragraphs above also occurred
in both of these chemical systems. There are evidences that aqueous solubility of the IL is
one of the determining factors for the extraction of metal into IL [135]. The difference in
Dy values that are observed in Figure 20 is likely due to higher aqueous solubility of

[Comim][FSI] compared to [Comim][Tf2N] (see Table 4).
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Figure 20. Thallium(I) extraction into [Comim][FSI] and [Comim][TfN]. The lines are
drawn to guide the eye.

Further effect of IL’s structures and solubility on the extractability of TI(I) can
also be seen in Figure 21. TI(I) was extracted into ILs with different cation and anion

groups: [Comim][FSI], [C4mim][TfN], [C3Cimim][Tf>2N] and [C5Cipyrr][TH2N].
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Figure 21. Thallium(I) extraction into imidazolium- and pyrrolidinium-based ILs with
different anions groups. The lines are drawn to guide the eye.

It can be seen it Figure 21 that the shape of TI(I) extraction curves are generally
similar with those in Figure 19 and 20. The Dty values have the tendency to decrease
with increasing acidity until up to 3 M HCI, then they increase above this acid
concentration. The exception was found for TI(I) extraction into [C3C;pyrr][Tf2N], where
the D values did not improve even at very high acid concentrations. This leads to the
conclusion that the same extraction mechanism as described in Eqgs. 38 — 39 also occurred
in these chemical systems. The difference in the Driq) values that are observed in Figure
21 is believed to be the effect of different IL solubility in the aqueous phase. Based on
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Table 4, the IL solubility in water decreases in the order [Comim][FSI] >
[C3Cipyrr][T2N] > [C3Cimim][Tf2N] > [Camim][Tf2N]. The decrease in Dty values
also follow the same order except for the system with [C3Cipyrr][Tf2N]. The latter
system shows that the D1y values continuously decrease even lower than
[C3Cimim][Tf2N] and [Csmim][Tf2N] despite its higher solubility compared to these two
ILs. It is possible that [C3Cpyrr*] cation is attracted stronger to [Tf2N~] anion in the
aqueous phase, which leads to lower amount of IL.’s anion available to exchange with the

metal ion and allow it to be extracted into the organic phase.

4.1.2 TI(II) Extraction into Pure Imidazolium- and/or Pyrrolidinium-based Ionic

Liquid

The effectiveness of Bry water and Cl» water to oxidize TI(I) was studied by
varying the volume of the oxidizing agents in the aqueous phase. Thallium(III) was

extracted from 1 M HCI into [Comim][Tf;N], where n = 2, 4, and 8. The volumes of Br»

water and Cl, water were varied from 5 to 50 pL, and the total volume of the aqueous

phase was 500 pL. The obtained results are presented in Figure 22.
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Figure 22. The effect of oxidizing agents, Br> water and Cl» water, to the distribution ratio
of TI(III). The metal was extracted from 1 M HCl into [Comim][Tf2N], where n = 2, 4, and
8. The solid and dashed lines are drawn to guide the eye.

Of all the ILs that were studied, Drtiamy values are generally higher when thallium
was oxidized by using Br, water (see Figure 22). The Driam values initially increased and
reached saturation when 25 pLL or more bromine water was added into the aqueous phase.
Meanwhile, the volume of Cl, water does not affect Driairy values as they are constant
regardless the amount of oxidizing agent added into the aqueous phase. To ensure

oxidation of T1(I) to TI(III), 25 uL of Brz water or Cl, water were used in the chemical

system for the entire TI(III) extraction experiments.
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Next, the kinetics of TI(III) extraction was studied. This study is an important
factor to determine that the chemical reaction for metal extraction has completed and
ultimately to ensure the reliability of the extraction data. During the extraction process,
the aqueous and organic phase were put in contact and vigorously mixed at 3000 rpm for
1 to 20 minutes intervals. TI(III) was extracted from 1 M HCI into [Camim][Tf2N], where

n=2,4, and 8, using Br> water as the oxidizing agent. The results are shown in Figure

23.
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Figure 23. The study of TI(III) extraction kinetics from 1 M HCI into [Comim][Tf>2N],
where n = 2, 4, and 8, using Br, water as the oxidizing agent. The lines are drawn to guide
the eye.Based on the results shown in the figure above, the kinetics of TI(III) extraction
into all the ILs that were studied was sufficiently fast. Reaction equilibrium was generally
reached within 1 min. However, a 5 min extraction was chosen for the entire metal
extraction experiments (except for the kinetics study where time has to be varied) for
experimental convenience. Figure 23 also shows that Driam values increase with increasing
length of the cation’s alkyl chain, which is consistent with the results shown in Figure 22.

This finding was investigated further. In the next paragraphs, the effect of IL structure as

well as the aqueous phase acidity to TI(III) extraction will be discussed.
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The distribution ratios of T1(III) extracted into [Comim][Tf2N] (n = 2, 4, and 8) as
the function of aqueous phase acidity are shown in Figure 24. Both Br, water and Cl,
water were used to oxidize TI(I) to TI(IIT) and the Dtiam values are presented in the
figure for comparison. It can be seen that Driam) values decrease with increasing HCI
concentration, regardless of the structure of the ILs and the oxiziding agent being used.
The effect of oxidizing agent is more pronounced at acid concentration < 3 M; D values
of thallium oxidized with Br, water are higher compared to Cl, water. However, above
this acid concentration, Driamy values are independent of the oxidizer. Moreover, the
effect of the length of alkyl chain in the IL’s cation is also observed in Figure 24. Higher

Driamy values were obtained for longer IL’s cation alkyl chain.

82



10” 3

funy
o
N
1

Distribution ratio

10"

—&— [C,mim][Tf,N], Br,
- -A- - [C,mim][Tf,N], Cl,
—&— [C,mim][Tf,N], Br,
- -® - [C,mim][Tf,N], Cl,
—&— [C,mim][Tf,N], Br,
- -M--[C,mim][Tf,N], Cl,

10 r — T T
0.1 1

[HC 500 (M)

initial
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and dashed lines, respectively). The lines are drawn to guide the eye.

The influence of IL’s anion structure to the extraction yield of TI(III) was also
studied. TI1(IIT) was extracted into [Comim][FSI] and [Comim][Tf2N]. The results are
presented in Figure 25. The extraction curves show the same trend as observed in Figure
26: Driany values decrease with increasing acid concentration and better extraction was
found when Br; water was used as the oxidizing agent especially < 3 M HCI. Among

these two ILs, [Comim][FSI] is the better organic phase media for T(III) extraction since

the D values obtained in this system are higher compared to [Comim][Tf>2N].
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Figure 25. The effect of aqueous phase acidity and the structure of the IL’s anion to the
extraction of TI(IIT). Both Br; water and Cl> water were used as the oxidizing agent (solid
and dashed lines, respectively). The lines are drawn to guide the eye.

In order to get a comprehensive description on the influence of IL’s structure on
TI(IIT) extraction, Dtiam values into various ILs are presented. Figure 26a and 26b show
the data on TI(III) extraction into [C3Cimim][TfH2N], [C3Cipyrr][TH2N], [Camim][Tf2N]
and [Comim][FSI], with Br> water and Cl, water as the oxidizing agent, respectively.
Consistent with the results in the Figure 24-25, Dt values with Br, water are higher
than Cl> water, due to the presence of mixed thallium chloro- and bromocomplexes that

have higher stability and hydrophobicity than pure chlorocomplexes [136,137].
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In both figures, it can be seen that as the acid concentration increases, Diam)

85

Figure 26. The effect of aqueous phase acidity and the structure of the IL’s cation and anion
to the extraction of TI(III). Thallium was oxidized using Br, water (a) and Cl, water (b).
The lines are drawn to guide the eye.

values decrease in the order [C3Cimim][Tf>2N] > [Comim][FSI] > [C4mim][TfaN] >
[C5Cipyrr][Tf2N]. It is interesting to note that, despite having identical molecular weights
and anion groups, D values of TI(III) extracted into [C3Cimim][Tf,N] are higher than
[C4mim][Tf2N]. The lengthening of the alkyl chain on [C4mim™] normally would
contribute to lower the solubility of this cation in the aqueous phase compared to
[C3Cimim™]. However, the solubility values of these cations are within the error bars (6.6

+ 0.4 g/L for [C4mim*] vs 6.8 + 0.4 g/L for [C3Cimim™], see Table 4 in section 2.4.4.1).




Unfortunately, there is no data on [C3Cimim*] hydrophobicity available in the literature.
Taking into account the structure of the two cations, [C3Cimim™] has shorter alkyl chain
compared to [Csmim*]. Thus, the [C3Cimim*] cation is likely to have higher charge
density which might contribute to higher Dty values in this system. Meanwhile, D
values of TI(IIT) extracted into [Comim][FSI] are higher compared to [Csmim][Tf>2N].
Although the solubility of [Comim*] cation is higher than [C4smim™], it is unfair to justify
the extraction results merely on this basis because the ILs have two different anion
groups. The anion [FSI7] has two fluorine atoms in its structure, while [Tf2N] anion
contains six fluorine atoms. Most literature data reported the IL solubility based on the
cation solubility [103,135]; however, it can be expected that the presence of two fluorine
atoms in [FSI"] would increase its hydrophilicity and solubility compared to [Tf2N7].
Furthermore, the substitution of imidazolium ring in [C3Cimim][Tf2N] with
pyrrolidinium in [C3Cpyrr][Tf2N] resulted in higher aqueous solubility and lower D
values in the latter.

To conclude, the extraction of TI(II) into imidazolium and pyrrolidinium-based
ILs is strongly affected by the structure of the ILs. Contrary to the results obtained for
TI(I) extraction, it was found that TI(III) is better extracted with the ILs that contain
longer alkyl chains on its cation group. The efficiency of TI(III) extraction decreases in
the order [Csmim][THoN] > [C3Cimim][Tf2N] > [Casmim][TH2N] > [C3Cipyrr][Tf2N] >

[Comim][Tf2N] and the cation solubility also decreases in the same order.
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Overall, all the ILs used in this study were able to extract TI(III) effectively,
especially at lower acidity. The mathematical model of the extraction mechanism is

discussed below.

4.1.3 Mathematical Model of the Extraction Mechanism

Metal extraction with ILs are known to occur via the transfer of charged
complexes [138-140]. For TI(IIT) which forms mainly negatively charged complexes, it
can be extracted through anion exchange mechanism or ion pair formation with the IL
cation. Equations 40 and 41 show the reaction for these two mechanisms.
z[A7lorg + [S*laq 2 [S* Jorg + 2z[AT]aq Eq. 40
z[CFlaq + [S%7Jaq @ [S"Jorg + 2[CT]org Eq. 41
Equation 40 describes an anion exchange process between the IL anion [A7] from the
organic phase and the negatively charged metal species, denoted as [S*”], in the aqueous
phase. The ion pair formation mechanism, shown in Eq. 41, involves the interaction
between the IL cation [C*] and the metal species [S“7] in the aqueous phase followed by
the transfer of this pair to the organic phase. In Eqs. 40-41, z is the number of IL’s cation
or anion that is required to compensate the charge of the extracted species.

The reactions above can proceed depending on the distribution of IL anion [A™] and
cation [C*] between the organic and the aqueous phase. The IL dissolution reaction is
shown in Eq. 42 below:

[C+]org + [A_]org e [C+]aq+ [A_]aq Eq. 42
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Taking into account the charge balance in the aqueous phase, the solute transfer in the
form of negatively charged ions into the organic phase can be described as:

[A™]aq — [C*]ag = z - ([S lag, initiat — [S* Jaq) = z-A[S* ]aq Eq. 43
where the subscribe “initial” refers to the initial concentration of metal solutes in the
aqueous phase. In Eq. 43, A[S?"],q is the difference between the initial and the
equilibrium concentration of the negatively charged metal species.

Since the distribution ratio of a solute is defined as the ratio of its concentration in
the organic to the aqueous phase (see Eq. 5), the reactions in Egs. 39 — 40 can be re-
expressed in term of the equilibrium constants for the ion exchange (Kie) and ion pair
formation (K;p) mechanisms:

Kig = Ds- "[A]aq” Eq. 44

Z

KIP = Dsz— ' [C+]aq Eq 45

Meanwhile, the solubility product constant of the IL (Kj,) according to the reaction in Eq.
42 can be written as:

Kop = [CTlag" [AT]aq Eq. 46
and taking into account Eqs. 44-45, K, can also be expressed as:

Ko’ = Kig-Kip ™" Eq. 47
Combining Eq. 43 and 46 results in a quadratic equation:

Kep= ([AJag = 2+ A1 Tag) - [ALag Eq. 48

and the solution of Eq. 48 can be substituted into Eq. 44 to obtain the following equation:
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Z
2A[S% g +(22-A[S7 2 +4-Kgp) 2)

Kig = Dsz- < > Eq. 49

The function Dg = f (A[Szi]aq) describes the values obtained from metal extraction
experiments. Varying the concentration of solute over a wide range shows that this

function is not linear. In the limit of infinite A[S?*],,, Eq. 49 can be written as:

aqs
log Dy, = log Kz — zlog z — zlog A[S"],q Eq. 50
where D, is the distribution ratio for the theoretical infinite A[Szi]aq.

The mathematical model above only considers the chemical system in the absence
of H* ion. In the presence of H*, for instance in an acidic aqueous solution, the IL’s
anion, i.e., [Tf2N"] protonates in the aqueous phase to form H[Tf;N] acid (K, = 0.70 £
0.04 mol/dm? or pK, = 0.16 [103]). The protonation reaction and the acid dissociation
constant are shown in Egs. 51 and 52 below:
[HAl.q @ [H¥]aq + [AT]ag Eq. 51
Ko= [Hlag [Alag " [HALg ™ Eg. 52
To account for the presence of both [A™],4 and [HA],q in the aqueous phase, Eqs. 44 and
46 are modified. Then two new terms, conditional equilibrium constants for the ion

exchange (K;£') and conditional solubility product constant of the IL (K, ), are

introduced:
! — — zZ

Kig' = Dse- “[A7laq” - (1 + [H¥]aq- Ko ') Eq. 53
! — — z

Ksp = [C+]aq - [A ]aq ’ (1 + [H+]aq' K, 1) Eq. 54

where [A7],q + [HALq = [Alaq- (14 [H - Ko71).
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Addition of common ions into the aqueous phase is one of the methods to
investigate metal extraction mechanisms [141,142]. For instance, Li[Tf>2N] is added to
investigate the mechanism of extraction into [Tf,N7]-based ILs as well as to determine
the charge of the extracted species. In this case, the charge balance in the acidic aqueous
phase before extraction can be described as:

[Li*]aq init + [H lag, init = [T2N"laq init + [Cl lag, init + 2 [S* laqinit  Eq. 55
Meanwhile, the charge balance after extraction:

[Li*]ag + [H'laq + [C¥laq = [TENlag, total + [Cllag + 2 [S""]aq Eq. 56
It was confirmed that Li*, H, and CI~, were not extracted into the organic phase from up
to 5 M HCI and these results were in agreement with other reported experiments

[103,114,124]. Therefore, [Li*].q, init = [Li*lag, [H™]aq, init = [H™]ag, and

aq»
[CI"]aq, init = [Cl"]aq. The addition of a common salt (Li[Tf2N]) and the dissolution of
IL into the aqueous phase consequently change the equilibrium amount of [Tf2N7] ion,
where [TfNTlag, totat = [Tf2N"lag, wLifre,n] + [A7lag, 1. The subscript “aq, THN”
denotes the quantity of [Tf2N7] ion originated from Li[Tf>2N] in the aqueous phase.
Subtracting Eq. 56 from Eq 55 gives:

[HAl.q — [C*laq = A[T;NTag + 2+ A[S* ]aq Eq. 57
where A[Tf,N"]aq = [TfoN"lag, inic — [T2N"lag, total-

Expressing the Ksp' in Eq. 54 combined with Eq. 57 consequently gives a quadratic

equation:
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Ksp’ = ([H+]aq ' [A_]aq ‘K3l — A[TE;N" Jaq — Z-A[SZ_]aq) ' [A_]aq ' (1 + [H+]aq ) Kgl)
Eq. 58

Let [T7]qq = A[Tf;N"]aq + z - A[S*"],q. then solving Eq. 58 in term of [A™]aq leads to:

aq-»

- .5
[T_]aq‘l' ([T_]aq2+4(Ka+ [H+]aq ) g [H+]aq : Ksp,)o

2: [H+]aq ' Ka_l

[A7]aq = Eq. 59

To confirm the theoretical mechanism described above, an experiment was
performed where TI(III) was extracted into [C4smim][Tf>2N] from 1 and 5 M HCI.
Li[Tf2N] salt with varying concentrations was added into the aqueous phase. Stable
TI(IIT) was used as the metal source and its concentration was kept constant for the entire
experiment (~ 10 M).

Figure 27 shows the distribution ratio of TI(III) extracted into [C4smim][Tf>N] as a

function of A[Tf;N™l,q + z- A[TICl3,," laq, where A[Tf,N™]oq and z - A[TICl3,," ]aq

aqs
are the difference between initial and equilibrium concentration of [Tf2N"] and TI(III) in
the aqueous phase, respectively. Although the definition of the extracted species is

[T~ lag = A[Tf,N"]aq + z- A[TICl34," ]oq, the amount of added Li[Tf2N] is twice
larger than the concentration of TI(III). Therefore, the quantity Z* A[T1C13+ZZ_]aq
is considerably small compared to A[Tf,N~],4 and can be neglected. It is shown in the
figure that the distribution ratio of TI(III) decrease with increasing A[Tf,N™],q. Graphical

analysis of the slopes of the curves at high [Tf,N™],4 concentration shows that the slopes

at 1 and 5 M HCl are -1.1 and -1.9, respectively. The values indicate the average charge

of the extracted metal complex.
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Figure 27. Extraction of stable TI(III) into [C4smim][Tfo2N] from 1 and 5 M HCI as the
function of added Li[TfoN]. The solid lines are fitted data while the broken lines are slopes

obtained from graphical analysis.

The experimental data in Figure 27 were fitted using the combination of Egs. 53

and 59 with Origin 8.5 software [143]. The equilibrium concentration of protons was
defined as [H*],q = [H*]aginit* (1 + [A7]aq - K;l)_land [A™]aq Was equal to 20 mM
and independent of acid concentration in up to 5 M HCI. The solubility product constant

of [C4mim][Tf2N] is 2.7 x 10 [135] and this value was used to set the lower limit of Ky’

for fitting purposes. The results of data fitting are presented in Table 7.
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Table 7. Fitted parameter for TI(III) extraction experiment into [C4smim][Tf>2N] from 1 and
5 M HCI1 with added Li[Tf2N].

Parameter 1M HCI 5M HCI
Reduced 22 0.703 0.069
z 1.12 +£0.06 1.97 +0.16
K’ (8.3 +2.500™ 0.064 +0.013
Kig 0.75 + 0.06 1.22 +0.02
K;p' 2160 + 250 273 + 10

The calculated parameter z in the table indicates the negative charge of the
extracted complex. As can be seen, the values are in agreement with the results of the
slope analysis. Thus, the extracted complex at 1 M HCI is most likely TICl4~. Meanwhile,
at 5 M HCI, the extracted complex could be TICIs* or a mixture of TICl;~ and TIClg>~.
Considering Kip value is larger than Kig’, the thallium species was predominantly

extracted through ion pair formation with the ionic liquid anion.

4.2 1In and Tl Extraction into Betanium-based IL

This section discusses the results of In(III) and TI(, III) extraction into water-
saturated [Hbet][Tf,N] ionic liquid from HCI media. The extraction kinetics, effect of
zwitterionic betaine and Li[Tf,N] addition, and effect of HCI concentration on the
extraction efficiency of the metal of interest are presented in this section. Finally, the
extraction mechanism for each metal is described and the possible extracted species is

also proposed.
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4.2.1 Extraction Kinetics

As it was mentioned previously in an earlier paragraph, the study of extraction
kinetics is important to determine the time required for the chemical reaction to reach
equilibrium. Thus, it helps ensure the reliability of the extraction data. The kinetics of
In(IIT) and TI(III) extraction into [Hbet][Tf2N] was studied at constant HCI
concentrations (0.01 M for In(III) and 0.05 M for TI(IIT)). For this study, thallium was
oxidized by using Cl> water. Meanwhile, the extraction time was varied in range of 0.5 —
15 min for In(IIT) and 0.5 — 10 min for TI(III).

The results show that the metal transfer reaction into the organic phase is very fast
and the equilibrium is reached within 1 min for both metals (see Figure 28). However, for
all other extractions studied with this chemical system, a 5-min mixing time was chosen

for convenience of handling the experiment.
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Figure 28. Extraction kinetics of In(III) and TI1(III) were studied at 0.01 M and 0.05 M HCI,
respectively. Thallium was oxidized by using Cl water. The broken lines show the average
Dinamy and Driamy as a function of mixing time. Error bars represent statistical uncertainty
only; for Dram, they are smaller than the corresponding symbols used.

4.22 Effect of Zwitterionic Betaine

Zwitterionic betaine (bet) is one of the precursors of [Hbet][Tf,N] ionic liquid.
Some studies reported that adding this compound into the aqueous phase increases the
extraction efficiency of metallic species (see for example ref. [89]). The deprotonated
carboxyl group in the bet structure (see Figure 6) is claimed to be responsible for
coordination with the metal ions and transfer them to the organic phase [87,89]. To

determine the optimum amount of bet suitable for In(III) and TI(I, III) extraction, some
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experiments were conducted where the amount of bet in the aqueous phase was varied
between 5 — 20 % (w/v). The initial HCI concentration was kept constant: 0.01 M for
In(IIT) and 0.2 M for TI(I, III). The selection of HCI concentration for the metals was
done merely based on the availability of HCI stock solution. The results are shown in

Figure 29a and 29b for In(II) and TI(, III) extractions, respectively.
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Figure 29. The variation of D values as a function of initial added betaine concentration.
(a) In(III) extracted from 0.01 M HCI, (b) TI(III) extracted from 0.2 M HCI. Error bars
only represent statistical uncertainty and are smaller than the corresponding symbols.
Thallium was oxidized using Br> water. The lines are drawn to guide the eye.

It can be seen in Figure 29a that adding bet up to 15 % (w/v) increases Dinam)
values, but at 20 % bet, Diham value decreases. Some experiments were also carried out
with higher bet concentration. However, it was observed that the aqueous phase became
more viscous and phase miscibility increased. This is likely the effect of changes in
aqueous phase equilibria according to Le Chatelier’s principle (see p.82 for details). In
practice, adding higher amount of betaine in the aqueous phase leads to higher
deprotonation of [Hbet"] according to Eq. 14 and eventually increases the aqueous
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solubility of [Hbet][Tf2N] (shown in Eq. 13). Consequently, phase separation was very
poor. Adding 50% (w/v) bet into 0.01 M HCI eventually led to complete phase
miscibility at room temperature. Due to inadequate amount of data, it is not possible to
explicitly explain the declining trend seen at high bet concentration.

In the case of TI(I, III), increasing D values were also observed with increasing
amount of bet added into the aqueous phase, with more pronounced effect on D values of
TI(IIT) than TI(I) (Figure 29b). Unlike the experiments with In(IIl), Driq, my values
continuously rose even at 20% (w/v) bet. This is likely due to the presence of 0.2 M HCI
compared to 0.01 M HCI in the chemical system used for In(IIl) extraction. Higher
amount of proton available in the aqueous phase compensates betaine that present in
excess. Thus, it increased the protonation of bet and reduced the solubility of the IL and

the miscibility of the phases.

4.2.3 Li[Tf2N] Dependency

In section 4.1, it was discussed how the addition of Li[Tf2N] salt into the aqueous
phase prior to extraction helps to determine the mechanism and the possible extracted
species. The same method was applied for In(IIl) and TI(III) extraction in this chemical
system, since the IL also contains [Tf2N~] anion. The main objective of this study is to
determine the role of [Tf2N7] anion in the extraction of these metals. The Li[Tf>N] salt
was added into 0.05 M HCI and its initial concentration was varied in the range of 0.004

— 0.6 M. The results are presented in Figure 30.
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Figure 30. The dependency of In(Ill) and TI(III) extraction on the Li[Tf2N] initial
concentration in the aqueous phase (0.05 M HCI). Chlorine water was used to oxidize
thallium. The broken line is the average value of Dtiam, while the solid line is drawn to
guide the eye. Error bars only represent statistical uncertainty.An apparent increase of
Dmam values was observed with the addition of Li[Tf;N] salt. It is known that at 0.05 M
HCI, In(III) exists as InClo* and InCI?* species [144]. The results in Figure 30 indicate that
the presence of [Tf,N7] anion in excess enhances the extraction efficiency of indium
species in the cationic form. Meanwhile, Driany values are constant over the whole range
of Li[TfoN] concentration that was studied. According to ref. [103,114,124,136], Li* ion is

not extracted into the organic phase. In addition, TI(III) is known to exist as neutral TICl3

and TICls™ at 0.05 M aqueous HCI [144]. If thallium species interacted with [Tf2N"] anion
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i.e., through anion exchange mechanism, increasing [Tf2N"] anion concentration by adding
Li[Tfo2N] would increase Driam values. However, this was not observed in Figure 30. Since
there is no significant changes observed in the presence of Li[ Tf>2N] salt, most likely T1(III)
was extracted as an anionic complex through ion pair formation with [Hbet"]. The

extraction mechanisms for these metals will be discussed in Sec. 4.2.5 below.

4.2.4 Effect of HCI Concentration

The effect of HCI concentration on the extraction of In(III) and TI(I, III) from
water-saturated [Hbet][Tf>2N] was studied. The experiments were done in the absence and
presence of zwitterionic betaine (bet) in the aqueous phase. In a previous section it was
shown that Diyamy values were the highest with the addition of 15% (w/v). Therefore, the
same amount of bet was added to study the acid dependency of In(III) and TI(I, III).

Figure 31shows Dy values as the function of initial HCI concentration.
Regardless the absence or presence of 15% (w/v) bet, increasing acid concentration
resulted in a decrease of Dy values. In the range of 0.01 — 1 M HCI, the presence of
bet improved extraction efficiency by more than one order of magnitude. Above 1 M
HCI, Dy values approach 0.01 in both of the chemical systems, which indicates metal

retention in the aqueous phase.
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Figure 31. The acid dependency of In(IIl) extraction in the absence and presence of 15%
(w/v) zwitterionic betaine. Error bars on Dy, in the absence of betaine represent statistical
uncertainty only. In both plots, the error bars are smaller than the corresponding symbols.
The solid lines are drawn to guide the eye.

The dependency of distribution ratio on aqueous phase acidity was also observed
in T1(I, IIT) extraction. The experimental results are shown in Figure 32a and 32b for
TI(IIT) and TI(I), respectively. Both Br, water and Cl, water were used to oxidize thallium

and the results are shown in Figure 32a for comparison.
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Figure 32. The acid dependency of TI(I) and TI(III) in the absence and presence of 15%
(w/v) zwitterionic betaine. (a) Extraction of thallium(III) using Cl> water or Br, water as
the oxidizing agent. (b) Extraction of thallium(I). The lines are drawn to guide the eye.
Error bars only represent statistical uncertainty and are smaller than the corresponding
symbols.

It can be seen in Figure 32a that, below 1 M HCl, Dt values are generally
greater when Br, water was used as the oxidizer, especially in the chemical system
without betaine added. This is most likely because of the presence of mixed thallium
chloro- and bromocomplexes that have higher stability and hydrophobicity than pure
chlorocomplexes [136,137]. Above 1 M HCI, D values of TI(IIl) oxidized with Br, water

and Cl, water are comparable as TI(III) is most likely present as thallium
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chlorocomplexes. These results are consistent with those reported in the previous section
(4.1.2). It is believed that, in concentrated HCI, C1~ anions displace Br™ in thallium
complexes. Consequently, no changes were observed in Driam values regardless the
oxidizing agent being used.

Furthermore, the presence of 15% (w/v) bet in the aqueous phase resulted in
higher TI(III) extraction yield, specifically in the range 0.01 — 0.2 M HCI (Figure 32a). At
higher acid concentration, the difference of Driam values with and without bet added is
insignificant. In addition, replacement of Cl. water with Br> water as the oxidizing agent
did not improve Driamy values in this chemical system.

The effect of aqueous phase acidity on TI(I) extraction is similar to TI(IIT). As
shown in Figure 32b, D) values decrease with increasing aqueous phase acidity.
Addition of bet in the aqueous phase increased Driq) values at low acidity, but the effect
is less significant compared to TI(IIT). At higher acid concentration (> 0.5 M), the
presence of bet did not improve Dy values, suggesting that bet is not involved in TI(I,

IIT) extraction.

4.2.5 Mechanism of Extraction

Based on the results obtained on extraction behavior of In(III) and TI(I, III) into
water-saturated [Hbet][Tf2N], the mechanism of metal extraction into this IL was
investigated. There are several things that were considered. First, the influence of the
presence and the concentration of hydrochloric acid was taken into account. The acid

determines the speciation of metallic species in the aqueous phase. It also affects
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[Hbet][Tf2N] solubility, cation’s dissociation, and anion’s protonation in the aqueous
phase [43,86,104,112,136,145,146]. Second, the excess of zwitterionic betaine (bet) in
the aqueous phase which was found to facilitate the transfer of bet species into the
organic phase and increase aqueous solubility of [Hbet][TfoN] [146].

Some mathematical models were developed based on the findings described in the
paragraph above. There are four possible extraction pathways:
a) Ion pair formation with [Tf2N7];
b) Ion pair formation with [Hbet*];
c) Cation exchange; and
d) Anion exchange.

The mathematical models are discussed below.
4.2.5.1 Ion Pair Formation with [Tf2N7]

For this mechanism, there are two consecutive processes expected to occur. First,
the positively charged metal halide complexes interact with the IL’s cation dissolved in
the aqueous phase (Eq. 60). The products of this reaction include a betaine-containing
metal complex. In the second reaction, the betaine-containing metal complex interacts
with the IL anion and forms an ion pair which is then extracted into the organic phase
(Eq. 61). Assuming that betaine is a monodentate ligand, the generic reactions for In(I1I)

and TI(III) can be written as follows:

MLy3‘Yaq + x [Hbet*],, 2 MLy(bet)X3_yaq + xH*, Eq. 60
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MLy(bet)Xs_yaq + (3 —y) [THN ]y 2 [MLy(bet)X][(TfZN)3_y]org Eq. 61
where M represents the trivalent indium or thallium metal, L represents the inorganic
ligand (i.e., CI"). For the extraction of positively charged halide complexes, the values of
y are limited to 0 <y < 2. Since the coordination number of In(III) and TI(III) is 6, the
number of ligands cannot exceed this value. Therefore, the values of x are limited to 0 <
X < 6[41,43,147,148].

From Eq. 59, the equilibrium constant of the reaction can be written as:

K = [MLy(bet)Xs_y]aq . (aH"')Xaq
M [MLy37Y] - [Hbet+]x,

Eq. 62

aa
where M(III) represents In(IIl) or T1(III). Meanwhile, the activity of proton, ay+, in Eq. 61
is defined as:

apg+ = Yucir * [H] Eq. 63
where Yy ¢+ has the same definition as before.

Due to limitation of data available on the activity coefficient of the protons
[149,150], the mean activity coefficient of HCI, yuci+, in Eq. 63 is used as an
approximation. This quantity was obtained using a lookup table based on literature data
combined with linear interpolation [126,146]. However, the mathematical models
presented in this manuscript do not take into account the activity coefficients of the ionic
liquid species ([Hbet*] and [Tf2N7]) as these values are unknown.

The extraction constant of ion pair formation with [Tf2N7], Kexc_1p7, is obtained from

combination of Egs. 60 and 61, and is defined as:
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X
K i _ [MLy(bet)X][(TfZN)3_y]Org “(ay+) aq
ext IP™ M(ID ™ ¥ - [MLy* V], - [Hbet 1%, g - [TENJPY,

Eq. 64

q
Using the same approach, the ion pair formation mechanism for extraction of

positively charged TI(I) can be written as follows:

Tl*aq + x [Hbet*],q 2 Tl(bet)x+aq + xH* 4 Eq. 65
Tl(bet)x+aq+ [TE,N"laq 2 [TI(bet)(][Tf2N]org Eq. 66.

Since the coordination number of TI(I) is 4 [45], the number of ligands cannot exceed this
value. Therefore, x is limited to 0 < x < 4.

The equilibrium constant of the reaction in Eq. 65 can be written as:

S [Ti(betx*], - (aH+)Xaq
TI(D [TI*]aq - [Hbet*]¥,

Eq. 67.

Meanwhile, the extraction constant of ion pair formation with [Tf2N7], Kexc_1p~, based on
the reactions in Egs. 65-66, is:

K _ [Tl(bet)x][TfN]org - (aH+)Xaq
ext IPTTID = e T ]aq - [Hbet' ¥, - [TENag

Eq. 68

Expressing Eqgs. 64 and 68 in terms of the logarithm of the distribution ratio leads
to:
logD = log Cext 1p- — xlog (ay+) Eq. 69
where D is the metallic species ratio in both phases according to Eq. 5. The value
Cext 1p-» Which is equal to Kext 1p- mam © Kmam - [HbetJ’]Xaq - [Tf,N~]37Y for In(III)
and TI(III) or Kexe 1p- Ty * Kminy - [HbetJ’]Xaq + [Tf;N™],q for TI(D), is a constant. The
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value x obtained from Eq. 69 is the number of protonated betaine molecules that formed a

complex with the metallic species (Eq. 60 or 65).
4.2.5.2 Ion Pair Formation with [Hbet*]

The generic chemical reaction for In(IlT) and TI(IIT) extraction through ion pair
formation between negatively charged halide complexes and the IL cation is written
below. The extraction based on the following equation occurs after the reaction in Eq. 60

is completed.

MLy(bet)X3_yaq + (y — 3)[Hbet*],q 2 [Hbet]y_3[MLy(bet)y] Eq. 70.

org

Since the halide complexes in the reaction above must be negatively charged, the
value of y is limited to 4 <y < 6. Meanwhile, the value of x, which represents number of
betaine molecule that can potentially coordinate with the metal, is limited to 0 < x < 2 due

to the extraction of anionic complexes with the number of ligands between 4 — 6 (the
coordination numbers of In(IlI) and TI(IIT) are 6) [41,43,147,148].

The extraction reaction for TI(I) is written below:

TlLy(bet)Xl_yaq + (y — 1) [Hbet*],q 2 [Hbet],_[TILy(bet)x]org Eq.71.

where 2 <y < 4 since the halide complexes must be negatively charged. Due to the
extraction of anionic complexes with the number of ligands between 2 — 4 (the

coordination number of TI(I) is 4 [45]) the number of betaine than can potentially
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coordinate with the metal ion is limited to O — 2. Therefore, the value of x is limited to 0 <
x<2.

Based on the reactions above, the corresponding extraction constants for
In(IIT)/TI(IIT) and TI(I) after taking into account the equilibrium constant of the reactions
in Eq. 62 and 67, may be expressed as:

[Hbet*]y 3 [MLy (beOxlorg  (a+)",

K + = — Eq. 72
extIP* MU = e TTaL V] Hber q
K [Hbet+]y—1[TlLy(bet)x]org ) (aH+)Xaq Eq. 73
+ = — . .
ext_IP™ TI(I) Krin - [TlLy1 Y]aq . [Hbet+]y_1+xaq q

The logarithmic form of these equations is identical to Eq. 69, but the value Cqyy 1p+ is
now equal to Keye 1p+ riaun * Kmqn * [Hbet*]¥73+* for In(IIT) and TI(IIT) and

Kexe i+ Ty * Kmign - [Hbet+]y‘1+xaq for TI(I).

4.2.5.3 Cation Exchange

The mathematical model for metal extraction through the cation exchange
mechanism is shown below. It was assumed that the extraction occurs after the reaction
in Eq. 60 is completed, and the positively charged trivalent indium or thallium cations or

halo complexes are exchanged with the betainium cation from the ionic liquid.

MLy(bet)X3_yaq + (3 — y)[Hbet*]org 2 MLy(bet)X3‘3’org + (3 — y)[Hbet*],, Eq. 74

The value of y is limited to O <y < 2 since the halide complexes must be positively

charged and x is limited to 0 < x < 6 (see section 4.2.5.1 for details). The corresponding
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extraction constants for In(III) and TI(III), after taking into account the equilibrium
constant of the reactions in Eq. 61, are:

[MLy (bet)®™] ' [Hbet ]2y =x - (aH+)Xaq

Kmam - [MLy*7Y]

Kext cemam = Eq. 75

aq
Assuming the complex formation reaction in Eq. 65 is completed, the extraction

of monovalent thallium through cation exchange mechanism can be expressed as:

Tl(bet)x+aq + [Hbet*]org 2 Tl(bet)x+org+ [Hbet*],q Eq. 76

where 0 < x < 4 (see section 4.2.5.1 for details). The corresponding equilibrium constant
of extraction is written as follows:

[TI(bet)x*], g - [Hbet 1%, (aH+)Xaq

Kri(qy - [T1*]aq

Kext ceminy = Eq. 77.

The logarithmic forms of the equations for In(IIl) and TI(III) (Eq. 74) and for TI(I) (Eq.
77) are identical to Eq. 69, but the value Cey cg for In(IIT) and TI(III) in this model is
equal to Kext cemam - Kriam /[Hbet’f]3_3’_xaq and for TI(T) is equal to Keye cgTi(1) -

Kriqy /[Hbet "] =% .

4.2.5.4 Anion Exchange

The anion exchange mechanism can possibly occur between anionic metal
complexes and the IL's anion. The following equation shows the extraction of In(III) and

TI(IIT) through anion exchange, after the reaction in Eq. 60 is complete:

MLy(bet)Xs_yaq + (y = 3)[THNTorg 2 MLy(bet)X3‘3’org + (y — 3)[Tf,N"],q Eq. 78
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Since the halide complexes must be negatively charged, the value of y is limited to 4 <y
<6 and 0 < x <2 (see Sec. 4.2.5.2 for details). Taking into account the equilibrium
reaction in Eq. 62, the extraction constant for anion exchange in the reaction above can
be written:

[MLy(bet)X3_y]0rg' [TENT ™3, (OLH+)Xaq

Kmam [MLys_y]aq - [Hbet*]*, o

Kext AE M) = Eq. 79

For monovalent thallium, the following equation describes the extraction through

the anion exchange mechanism, after completion of the reaction in Eq. 65:

TIL, (bet),' ™ + (7 =~ DITEN Jorg 2 TlLy(bet)Xl_yorg + (v — D[THN1,q Eq. 80

where 2 <y <4 since the halide complexes must be negatively charged and 0 < x < 2 (see
Sec. 4.2.5.1 for details).
The equilibrium constant of extraction can be written as:

[TlLy(bet)Xl_y]org' [TENTP ™,y (OLH+)Xaq

Ky - [T*]aq - [Hbet*]* o

Kext AETI() = Eq. 81.

The logarithmic forms of Eq. 79 and 81 are identical to Eq. 68, but the value of

Cext_AE for In(HI) and TI(III) is equal to Kext_AE M) ° KT](III)] ' [Hbet+]xaq/

[TENT]7™2,q and for TI(I) is equal to Kext ck i) * Kmi * [Hbet ", /[TENTP ™.

4.2.5.5 Comparison of the Proposed Mechanisms

The plots of D values as a function of aqueous phase acidity (see section 4.2.4)
were reconstructed to satisfy the linear equation for all mechanisms based on Eq. 69. The

logarithmic values of the distribution ratio were plotted as a function of logarithmic
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proton activity. The slopes of these plots, denoted as x in the linear equation for all four
proposed mechanisms based on Eq. 69, indicate the number of betaine molecules
coordinated in the extracted complex. This information was used to determine the most
likely extraction pathways for In(III) and TI(I, IIT) among all possible mechanisms. All of

the data were analyzed in[Hljrﬁn . log D, namely [H*] = 107'° M, which practically

represents the absence of acid in the aqueous phase.

The intercepts of the linear functions (for example, Eq. 69) must be analyzed
because they are considered as functions of the equilibrium constants of extraction:
Kexi 1P, Kext_1P*, Kext_cE, and Kexi ag. The equilibrium constants of complex formation

Kinqm, Tiam) and Ky are also part of the same function and are unknown. Therefore,

these models mostly can estimate only the value of Kexc LK, except in some cases when
the values of the slopes are negligible. In these cases, the extracted metal complex does
not contain betaine and the reactions shown in Egs. 60 and 65 do not occur. As a result,
the constants Ky, T and Kry(ry are no longer relevant and the value of Kex can be
obtained.

The concentrations of [Hbet*]eq and [Tf2N]¢q are required to calculate the
intercept C ([H']eq = 1071 M). These values were estimated based on the results of
solubility of [Hbet][TfoN] in the aqueous phase (see Appendix A for the values) reported
in Chapter 3.

All the analysis for the dominant extraction mechanism was done through several

steps. First, the known metal speciation in the acid region of interest was evaluated. Then,
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according to the calculations of Kex [K (Where Kex represents the extraction constant of
a particular mechanism and K is the formation constant of the extractable metal
complex), the largest possible value of the product was chosen. To determine the
extraction pathway, these two factors were taken into account, provided that the result is
consistent with the known chemistry of In(IIl) and TI(I, III).

The plot of the logarithm values of Dmam as a linear function of the logarithm of
the hydrogen ion activity (ay+) is shown in Figure 33. The slopes at low proton activities
(log ayg+ < -1) in the absence and presence of betaine are —5.8 + 1.2 and -3.04 + 0.14,
respectively. At higher proton activities, the slopes in both chemical systems are

negligible and should be considered equal to zero.
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Figure 33. The plot of log Dmam values as a function of log an*. (a) The chemical system
does not contain additional bet. (b) The chemical system contains 15% (w/v) bet. For
simplicity, the uncertainties are not shown on the plots. The lines are the results of linear
fitting according to Eq. 69.

Having obtained the slopes, the values of Keyxt namry * Kinqry were calculated for
all four mechanisms. Unfortunately, these values at lower acidity (the region where
log ay+ <-1) have relative uncertainties greater than 100%. Due to this reason, it was not
possible to make any inference about the mechanism based on these results.

At higher acidity where the slopes approach zero, betaine does not participate in

the formation of the metal complexes. Therefore, Ky iy values were irrelevant and the

equilibrium constant of extraction, Kqy¢ 1, Were calculated for all four mechanisms. The
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Kext iniiry Values for ion pair formation mechanism with [Tf2N"] and [Hbet"] are shown

in Table 8 and for cation and anion exchange mechanisms are shown in Table 9.

Table 8. The estimated values of Ky in(riry for ion pair formation mechanisms. The slopes
in the absence and presence of 15% (w/v) bet are —0.102 + 0.010 and —-0.073 % 0.016,
respectively.

Kext 1P~ In Kext 1P+ In
] Absence of 15% (w/v) ] Absence of 15% (w/v)
Species ) . Species . X
betaine betaine betaine betaine
InCL* 1.05+0.24 0.68 +0.26 InCl4™ 1.08 +£0.27 0.61 £0.24

Table 9. The estimated values of Key¢inqn for ion exchange mechanisms. The slopes in
the absence and presence of 15% (w/v) bet are —0.102 = 0.010 and —0.073 + 0.016,
respectively.

Kext cE mam Kext AE (1)
Species Absence of 15% (w/v) Species Absence of 15% (w/v)
P betaine betaine P betaine betaine
6.8+1.7)- (5.1+£2.0)- _ (7.0+1.6) - 4.6+1.7)-
InCl,*
R 1072 1072 InCle 1072 1072

In the acid region where the Keyt iy values above are calculated, the dominant

charged indium species are reported to be InCl;" and InCls™ [42,43,144]. Based on the

Kext iniiry Values in Table 9, the likelihood of the extraction of InCl,* through cation

exchange mechanism and InCls™ species through anion exchange mechanism is
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approximately equal. However, compared to the Key¢ inry values for ion pair extraction
in Table 8, the values in Table 9 are two orders of magnitude lower. Therefore, ion pair
formation is considered as a more likely extraction mechanism for In(IIl) than exchange
reactions.

The data in Table 8 for the ion pair formation mechanism shows that the
Kext 1P~ mqiry values are almost the same as Ky 1p+ 1nriry- However, taking into account
the predominant indium species at low acidity (< 0.2 M HCI) is InCl,* [43,144], this
species is most likely to be extracted through the ion pair mechanism with [Tf2N~] anion
in this acid region. It was shown previously that the addition of Li[Tf,N] salt into 0.05 M
HCI was able to increase D values (see section 4.2.3). Since Li* ion was not extracted
into the organic phase [103,114,124], this can be possible if In(III) was extracted as
positively charged complex through the interaction with [Tf2N"] anion. Considering that
the indium coordination number is 6 [43], the possible extracted complex is
[InCla(bet)4][Tf2N]. Meanwhile, InCl4™ is predominant at higher acidity [43,144]. This
leads to the conclusion that this indium species is extracted through ion pair mechanism
with [Hbet"] cation at acid concentration above 0.2 M. Although the neutral species InCl3
also exists in the aqueous phase [43], this species is unlikely to be extracted since this
chemical system favors the extraction of charged species.

Figure 33b shows that the presence of 15% (w/v) bet at lower proton activities
(the region where log ay+ < —1) resulted in the slope being 3.04 + 0.14. This indicates a

lower number of bet molecules in the extracted metal complex compared to the system
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without bet added. In all the proposed mathematical models, bet is assumed to be a
monodentate ligand. Based on the value of the slope, it is possible that bet binds with
indium as a bidentate ligand. For carboxylate compounds, this type of binding mode is
not uncommon. It was reported that these compounds can serve as ionic, monodentate,
and bidentate ligand with metal ions [151]. For instance, in a study on crystal structures
of uranyl-betaine complexes, it was shown that bet is coordinated to uranyl as bidentate
ligand [152]. This possibility is not ruled out in this case, but further study would be
needed to clarify this hypothesis. Alternatively, lower amounts of bet could also indicate
increasing amount of water molecules in the metal coordination sphere which is known to
occur [43,153]. However, the proposed mathematical models do not take the presence of
water into account.

The plot of the logarithm values of the distribution ratio as a function of the
logarithm of the hydrogen ion activity (ay+) for TI(III) is shown in Figure 34. The two-
panel figure shows the system without and with betaine added (Figure 34a and 34b,
respectively). In each corresponding acid region in both systems, the values of the slope
are comparable. This means that the extracted complexes are the same regardless of the

addition of bet.
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Figure 34. The plot of log Driam values as a function of log an™. (a) The chemical system
does not contain additional bet. (b) The chemical system contains 15% (w/v) bet. Thallium
was oxidized using Cl, water. For clarity, the uncertainties are not shown on the plots. The
lines are the results of linear fitting according to Eq. 69.

The calculated Kexe miciny - Krigun values in the acid ranges where the slopes
are -8.1 £ 0.8 and -7.3 + 2.9 have relative uncertainties close to, and in some cases greater
than, 100%. Therefore, these data were not considered in defining the extraction
mechanism. Meanwhile, at higher acidity the slopes are -0.08 + 0.05 and -0.126 + 0.019

and should be considered zero. Consequently, the parameter Kry(ypy is no longer relevant

and Keye 111y can be estimated.
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Table 10 shows the calculated Keye 1i¢iry values for ion pair formation with
[Tf2N7] and [Hbet*]. The results show the values are not significantly different; however,
TICls™ is known to be the predominant TI(III) species in this acid region [144]. Therefore,

ion pair formation with [Hbet*] is a possible extraction mechanism for TI(III).

Table 10. The estimated values of Keye iy for ion pair formation mechanisms. The
slopes in the absence and presence of 15% (w/v) bet are —0.08 + 0.05 and —0.126 £ 0.019,
respectively.

Kext 1o~ Ti10111) Kext_ tp+ri(1i)
] Absence of 15% (w/v) ] Absence of 15% (w/v)
Species ) . Species . X
betaine betaine betaine betaine
TICLL* 30+5 97 + 40 TICl4~ 30+6 90 + 40

In Table 11, the Kexe Tiarry values according to ion exchange mechanisms for
TICL>" and TICl4™ species are reported. Although the Kex iy values for both

mechanisms are comparable, the studies on TI(III) speciation in aqueous HCI show that
the formation of positively charged thallium(IIl) complexes in 0.2 — 1 M HCl is unlikely
[144,154]. This rules out the possibility of extraction of TICl>* through the cation

exchange mechanism.
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Table 11. The estimated values of Key; 1i(rry for ion exchange mechanisms. The slopes in

the absence and presence of 15% (w/v) bet are —0.08 = 0.05 and -0.126 + 0.019,
respectively.

Kext_ceTI(1IT) Kext AE TI(1IT)
Species Absence of 15% (w/v) Species Absence of 15% (w/v)
P betaine betaine P betaine betaine
TICl,* 20+04 7+3 TICl4~ 20+0.3 6.4+29

Based on the analysis above, there are two possible extraction pathways for TICls~
species: ion pair formation with [Hbet"] cation and anion exchange with [Tf2N"].

However, it can be seen that the Ky 1p+ i¢ipy for TICl4™ in Table 10 is higher than the
Kext_ag Ti(iny value shown in Table 11. In addition, according to Eq. 77 in the

mathematical model for the anion exchange mechanism, higher amounts of [Tf2N7] in the
aqueous phase would lead to a more efficient extraction of TI(III). On the other hand,
addition of Li[Tf2N] did not affect TI(III) extraction yield (see Figure 30 in section 4.2.3).
This suggests that [Tf2N"] anion does not participate in the extraction in the acid range
that was considered. Therefore, it is believed that ion pair formation with [Hbet*] cation
is the predominant extraction mechanism for T1Cl4™ species.

The change in the slope at 1 M HCI in Figure 34 must be attributed to formation
of a non-extractable TICls>*~ complex [154]. Meanwhile, at lower acidity range where the
slopes are —8.1 + 0.8 and —7.3 + 2.9, the predominant TI(IIT) species is TICl," [144]. The

value of the slopes indicates that the extracted thallium complex contains betaine
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molecules. Unfortunately, no conclusion on the speciation of the extracted complex can
be made due to insufficient data and the large uncertainty on the slope.

Figure 35 shows the plot of the logarithm value of Dty as a function of hydrogen
ion activity. The slope analysis shows the values are —0.78 + 0.07 and —1.20 + 0.06 at low
acidity for the system without and with betaine added, respectively. Meanwhile, at higher
acidity, the corresponding slopes in the absence and presence of betaine are —0.274 +

0.019 and —-0.130 £ 0.012.

0.2 0.2
] (a) 1 (b)
0.0 4 0.0 -
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Figure 35. The plot of log Driq) values as a function of log an™. (a) The chemical system
does not contain additional bet. (b) The chemical system contains 15% (w/v) bet. For
clarity, the uncertainties are not shown on the plots. The lines are the results of linear fitting
according to Eq. 69.
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An attempt to analyze the mechanism of TI(I) based on the Kyt i1y * Kriqr
values was made. Unfortunately, the estimated values for all mechanisms have relative
uncertainties more than 100%, except for the cation exchange mechanism at high acidity.

The Kext Ti(r) values for this mechanism are presented in Table 12.

Table 12. The estimated values of Keyeryqy for ion exchange mechanism. The
corresponding slopes at high acid range are —0.274 £+ 0.019 and -0.130 + 0.012,
respectively.

Kext_ce T1(D)
) Absence of 15% (w/v)
Species . .
betaine betaine
TI* 28 £13 (6.2 +1.9)-107!

In the acid range where the slopes are —0.274 £ 0.019 and —0.130 £ 0.012 (high
acidity), it was reported that both T1* and TICl>™ species are likely to exist [46]. The
values in Table 12 show that the extraction of T1* species through the cation exchange
mechanism with [Hbet"] is possible. Furthermore, although the Ky 1i(1y values for anion
exchange mechanism with [Tf2N] cannot be presented, a logical reasoning can be made
based on the obtained data. For this mechanism to occur, there must be an exchange
reaction between TICl,™ species in the aqueous phase with [Tf2N] anion in the organic
phase. If this negatively charged TI(I) species would have been extracted through an
anion exchange mechanism, D) values would have been increased with increasing HCI

concentration (conditions that favor the formation of anionic TI(I) complexes). However,
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the data on TI(I) extraction as a function of aqueous phase acidity show the opposite
trend (see Figure 32b in section 4.2.4). Therefore, based on this result, anion exchange
with [Tf2N7] anion is not a possible extraction mechanism for TI(I).

A similar analysis was also be made for ion pair formation mechanism. In this
case, T1" and TICl,™ can be extracted though ion pair formation with [Tf2N7] and [Hbet"],
respectively. A previous study showed that Li[Tf2N] was not extracted into the organic
phase [136]. Considering the chemistry of Li* and TI* is similar [44], the extraction of
TI[Tf2N] should not be expected either and ion pair formation with [Tf2N~] anion is
unlikely. Nevertheless, the possibility of extraction of [TICl>7] species through ion pair
formation with [Hbet*] cannot be ruled out.

At lower acidity where the slopes are -0.78 £ 0.07 and -1.20 + 0.06 in Figure 35,
TI* is the predominant species in the aqueous phase [46]. Due to this reason, the
extraction of TICl,™ through anion exchange and ion pair formation with [Hbet"] is not
applicable. The extraction of T1* species through cation exchange with [Hbet"] is

considered more likely and the extracted complex should be [TI(bet)*].

4.3 In and TI Extraction into DL-menthol-based Eutectic Solvent

Eutectic solvents (ESs) have not been studied extensively for metal extraction.
Although the preparation of this type of solvent is simple, most of the ESs are water-
soluble and therefore, are not suitable for metal partition as it requires two phases that are

not miscible. An ES composed of DL-menthol and lauric acid with molar ratio 2:1 is
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among the few hydrophobic ESs that are available. As a proof of principle, in this
section, the ability of this DL-menthol-based ES to extract In(IIT) and TI(I, III) from HCI
media is discussed. First, the results of In(III) and TI(I, III) extraction into DL-menthol-
based ES in the absence and presence of an extracting agent called HDEHP are
presented. Then, these results are also compared with a classical solvent extraction
system composed of kerosene as the organic solvent. To demonstrate the ability of DL-
menthol based ES to extract the metal in a sufficient amount of time, the kinetics of
TI(IIT) extraction was studied. Hereinafter, the DL-menthol and lauric acid ES is simply

addressed as “ES-MLA”.

4.3.1 In(IIl) Extraction into DL-menthol and Lauric Acid ES

In this experiment, In(III) was extracted from 0.2 — 10.2 M HCl into ES-MLA in
the absence and presence of HDEHP as an extracting agent. The effect of HDEHP on
In(IIT) extraction yield was studied by adding 30 % (v/v) of this compound into the
organic phase. The extraction results are shown in Figure 36.

In the whole HCl range that was studied, In(IIT) was only poorly extracted into
pure ES-MLA (Figure 36). Although Dman) values tend to increase with increasing acid
concentration, the values are all below 0.1. Meanwhile, in the presence of HDEHP, an
obvious increase in In(IIl) extraction yield was observed at lower acid concentrations.
Below 3 M HCI, Dy values increase with decreasing acidity, reaching maximum at 0.2

M HCI with Diyamy ~ 28. At higher acid concentrations (above 3 M), In(Ill) extraction
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into ES-MLA containing HDEHP shows a similar trend to the system without HDEHP

added and the difference in Diam values between the two systems are not significant.

10° 3
E —o—30% (v/v) HDEHP
10' 4 —a— No HDEHP

100—§
10'1—5

10'2—5

Distribution ratio

10'3—5

10'4—5

10 —— ——————
0.1 1 10

[HCTiniiar (M)

Figure 36. In(IIl) extraction into ES DL-menthol and lauric acid (2:1 M) in the absence
and presence of HDEHP as the extracting agent. The lines are drawn to guide eye. Error
bars are smaller than the corresponding symbols.

This finding is evidence that ES-MLA is not an effective extracting solvent for
In(III) by itself, particularly in the range of HCI concentrations that was studied.
Tereshatov et al. investigated the extraction of this metal into pure ES-MLA also in HCI
range 0.1 — 0.001 M [106]. They found that Dmam values increased with decreasing
acidity, with the highest D value approximately 20 at 0.001 M HCI. The authors claimed
the carboxylic acid group in the lauric acid component of the ES to be responsible for the

extraction of In(IlI). The extraction mechanism that they proposed requires the
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deprotonation of the carboxyl group. Considering the acid dissociation constant (pK,) of
lauric acid is 5.3 [155], it is not surprising that the increase of D values was observed
at very low acid concentration (pH 1 — 3 according to their data). The same explanation
applies to In(IIl) extraction into ES-MLA containing HDEHP. Metal extraction with this
compound proceeds through a cation exchange reaction that requires the deprotonation of
the acid [107]. The role of HDEHP in the extraction was evident at lower acidity (or
higher pH); the pK. of this compound is 3.24 [96], which means that the degree of acid
dissociation is larger as the pH increases and approaches the pK, value.

Taking into account the speciation of In(III) in aqueous HCI solution
[43,107,144], in both chemical systems with and without HDEHP added, most likely

1* or InCl,* complex at low acid concentration. The

In(III) was extracted as a InC
predominant species at higher acid concentration is InCls™; however, it is unlikely that
this species is extracted as both HDEHP and lauric acid are strongly protonated.
Therefore, the extraction of neutral InCl; species through solvating reactions with

HDEHP and/or lauric acid is considered more likely to occur at higher acid

concentration.

4.3.2 TI{I) Extraction into DL-menthol and Lauric Acid ES

The extraction of TI(I) into ES-MLA is discussed in this section. Shown in Figure
37, the shapes of TI(I) extraction curves in the system with and without HDEHP added
are similar to that of In(IIl). The results show that, in general, TI(I) is also poorly

extracted into ES-MLA but the extraction yields are better than In(III). For example, the
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highest D) value extracted into pure ES-MLA is obtained at the most concentrated
HCI, and the value is one order of magnitude larger than the Diam value (0.36 as
opposed to 0.01). In the system with HDEHP added, the increase of D) values at lower
acidity was also observed but the effect of HDEHP was not significant compared to
In(IIT) extraction. The highest Dty value in this system is at a level of 0.3 which is

obtained at 0.01 M and 10.2 M HCI.
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Figure 37. TI(I) extraction into ES-MLA (2:1 M) in the absence and presence of HDEHP
as the extracting agent. The lines are drawn to guide eye.

The similar extraction curves between In(III) and TI(I) shows that the metal
partition between the two immiscible phases occur through the same mechanism. In the

case of TI(I), this means a cation exchange reaction takes place between the predominant
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TI* species with the protons from HDEHP and lauric acid at low acid concentrations.
Metal extraction with HDEDP through solvation reaction with neutral species at high
acidity has been reported [107]. It is likely that the neutral TICI species is also extracted

with HDEHP and lauric acid molecules under the same condition.

4.3.3 TI(III) Extraction into DL-menthol and Lauric Acid ES

Figure 38 shows the extraction of TI(III) into ES-MLA in the absence and
presence of HDEHP as the extracting agent. The comparison between Driamy values
oxidized with Cl> water and Br> water are shown in panels (a) and (b), respectively. In the
system without HDEHP added, indicated by the black color curves in both panels, the
Driamy values extracted from 3 M HCI and above are comparable regardless of the
oxidizing agent used. Below 3 M HCI, Dt values with Brz water are generally higher
compared to the results with Cl, water. Overall, it can be seen from the figure that T1(II)
extraction into pure ES-MLA is the best among the three metals of interest, particularly
when Br, water was used as the oxidizing agent (Figure 38b). Addition of HDEHP was
able to improve TI(III) extraction yields especially when it was oxidized by using Brz
water. The Driamy values with Cl, water in this system at high acid region (3 M HCI and

above) are not significantly different compared to the system without HDEHP added.
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Figure 38. TI(III) extraction into ES-MLA (2:1 M) in the absence and presence of HDEHP
as the extracting agent. Panel (a) shows the results with Cl, water as the oxidizing agent
and panel (b) shows the results with Br, water. The lines are drawn to guide eye.

The higher extraction yield of thallium oxidized with Br, water at acid

concentrations below 3 M that is seen in Figure 38 may be attributed to the presence of

mixed thallium chloro- and bromocomplexes. These complexes are found to have higher

stability and hydrophobicity than pure chlorocomplexes that are dominant at high acid

concentrations [136,137]. Considering the similarity between TI(III) extraction curves in

Figure 38 with In(IIT) and TI(I) in Figure 36 and 37, respectively, it is believed that

TI(IIT) is also extracted into pure ES-MLA or ES-MLA containing HDEHP through the
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same mechanisms. Based on the TI(III) speciation study, the cationic TICI** and TICI,*
species are predominant at lower chloride concentrations [144]. These species may be
extracted through cation exchange processes with liberated protons from HDEHP and
lauric acid at low HCI concentration. Meanwhile, the neutral TICI3 species is likely to be

extracted through a solvation reaction at high acidity.

4.3.4 The Solvent Effect

In a conventional liquid-liquid extraction process, the organic solvent is also
commonly called diluent. This is a liquid substance used to dissolve the metal extracting
agent. However, it can also interact with the extractant molecules and/or with the
extracted metal complex [156]. This interaction can affect the activity of the extracting
agent and lower its performance as well as changing the composition of the extracted
complex due to coordination and/or substitution of the diluent molecules [156,157].
Among other factors, the polarity or dielectric constant of the diluent plays an important
role in the solvent-extractant and solvent-solute interactions [157].

Kerosene is a non-polar organic solvent that is widely used as a diluent for
HDEHP in a solvent extraction process. To determine the solvent effect on the extraction
of In(III) and TI(III), the performance of HDEHP as an extractant in ES-MLA is
compared with the system consisting of kerosene as a diluent for this extractant. The

results are presented in Figure 39.
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Figure 39. Comparison of Diam values and Driam values extracted into ES-MLA (2:1 M)
and into kerosene in the presence of 30% (v/v) HDEHP as the extracting agent. Panel (a)
shows the results for In(IIl) and panel (b) for TI(III). Thallium was oxidized using Cl»
water. The lines are drawn to guide eye.

The extraction of In(II) into kerosene containing HDEHP is more effective
compared to the system with ES-MLA, especially at 0.2 — 3 M HCI (Figure 39a). In that
acidity range, the increase in Dy values are almost always two orders of magnitude
larger. Interestingly, above 3 M HCI, the trend is the opposite. Meanwhile, for the
extraction of TI(IIT) where Cl, water was used as the oxidizing agent, replacing ES-MLA
with kerosene resulted in lower Dty values in the whole acid range that was studied

(from 0.01 — 10.2 M HCI).
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The phenomena described in the paragraph above indicate the correlation with the
solvent-extractant and solvent-solute interactions mentioned in the literature. In a non-
polar solvent such as kerosene, HDEHP is known to exist primarily as a dimer (see for
example refs. [156,158,159]). It has the tendency to undergo self-aggregation which
results in the formation of reverse micelles with the polar group in the center and non-
polar alkyl group in the outer part of the micelle [96]. The aqueous solubility of HDEHP
in a non-polar diluent is also known to be extremely low [158], which is an advantage as
it prevents the loss of the extractant in the aqueous phase and thus, avoids the reduction
of metal extraction efficiency [160]. On the other hand, ES-MLA is comprised of DL-
menthol as the hydrogen bond acceptor (HBA) and lauric acid as the hydrogen bond
donor (HBD). Both DL-menthol and lauric acid have higher dielectric constants
compared to kerosene (4 and 6, respectively as opposed to 1.8 for kerosene) and
therefore, are more polar. In addition, the presence of a HBD in a solvent system was
found to lower the metal extraction efficiency due to intermolecular interactions with a
polar diluent molecule [161]. This may explain the different behavior of In(IIl) extraction
into kerosene and ES-MLA. The extractability of HDEHP in kerosene is higher due to
weak interactions between these two compounds; meanwhile the presence of lauric acid
as HBD increases an intermolecular interaction which in turn lowers the extraction
efficiency of In(Ill) in the system.

The opposite extraction trend that is observed in TI(III) extraction into kerosene
containing HDEHP is rather unexpected. One possible explanation is the synergistic

effect due to the presence of ES-MLA that improves the extractability of HDEHP
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compared to in kerosene. In addition, the stability of TI(III) complexes with HDEHP may
be enhanced in the presence of ES-MLA. It is known that higher stability complexation

of metal with extractant resulted in higher metal-extractant complex in the aqueous phase
[160]. This eventually increases the transfer of metal-extractant complex into the organic

phase and results in increasing D values of the metal.

4.3.5 Extraction Kinetics

The kinetics of In(Ill) extraction into ES-MLA has been reported in ref. [106]. It
was shown that the extraction equilibrium was reached within 3 min. The results of the
kinetics study of TI(III) extraction into ES-MLA in the absence and presence of HDEHP
is shown in Figure 40. Thallium was oxidized by using Cl, water and it was extracted
from 6 M HCI. The mixing time was varied between 5 s — 20 min. In both systems, with
and without HDEHP added, it can be seen that the equilibrium of extraction was achieved
within 1 min. Therefore, the 5-min extraction time for this chemical system is adequate

to ensure that the reaction for metal partition has completed.
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Figure 40. Distribution ratio of TI(III) as a function of mixing time. Thallium(III) was
extracted into ES-MLA (2:1 M) from 6 M HCl in the absence and the presence of HDEHP
as an extracting agent. Chlorine water was used as the oxidizing agent. The lines are drawn
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5. CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

The partition behaviors of In(IIl) and TI(I, III) in several chemical systems have
been studied. The metals were extracted from aqueous hydrochloric acid into
imidazolium-, pyrrolidinium, and betanium-based ILs, as well as into DL-menthol and
lauric acid ES. Several parameters that influence the distribution ratio of the metals have
been investigated, including the effect of aqueous phase acidity, extraction kinetics, and
concentration of extractants, when applicable. In addition, a study on mutual solubility
between betainium-based IL ([Hbet][Tf2N]) and water was carried out. This study was
necessary to understand the chemical interactions between the molecules in the system
and to explain In(IIT) and TI(I, IIT) extraction mechanisms into this IL.

The study on mutual solubility between betainium-based IL ([Hbet][Tf,N]) and
water was performed in the presence of acid and zwitterionic betaine (bet) in the aqueous
phase. The range of acid concentrations was consistent with that used for metal extraction
experiments involving [Hbet][Tf2N], and 15% (w/v) of bet was added according to the
results from the same experiments. It was found that the aqueous solubility of the IL
cation increased in the acidic aqueous phase, but the opposite effect was observed on the
IL anion. It is believed that cation exchange between the protons from the aqueous phase
and [Hbet"] species from the organic phase occurred and caused the increasing of the IL
cation solubility. Meanwhile, the lower aqueous [Tf,N~] anion concentration in the

presence of acid is attributed to the transfer of this anion into the organic phase in the
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form of [HTf,N] acid. Additionally, the transfer of [Hbet"*] species into the aqueous phase
is likely to be accompanied by the transfer of water molecules. In the presence of both
acid and 15% (w/v) bet, the amount of water transferred into the aqueous phase was
generally higher compared to the systems containing only acid. It was also interesting to
find that bet species were partially distributed between the aqueous and the organic
phases. When 15% (w/v) of bet was added into the aqueous phase, the solubility of
[Hbet][Tf2N] notably increased. The value of the conditional solubility product constants
(Ksp’) obtained in this study show that the K’ in the presence of 15% (w/v) of bet is
twice larger than in the system without betaine added.

For metal extraction experiments, the distribution ratio (D value) of the metals
between the organic and the aqueous phases was used as the main indicator to determine
the chemical systems that extract TI(I) and/or TI(III) effectively. It was found that TI(I)
was not extracted into imidazolium- and/or pyrrolidinium-based IL (D1 values were
below 1). In the case of TI(I), the extraction was carried out with several imidazolium-
based ILs with different alkyl chain lengths ([Comim][Tf2N], n = 2, 4, 8). The results
show that, at lower acidities, D1 values decreased in the order
[Comim™]>[Csmim*]>[Csmim™]. While at higher acidities, Driqa) values were
approximately the same, regardless of the ILs being used. The opposite trend was
observed on TI(III) extraction; Driam) values increased with increasing alkyl chain length
on the IL’s cation structure. The IL’s anion structure also affected the TI(III)
extractability. Overall, TI(IIT) extraction efficiency increased in the order of

[Comim][T£:N] < [C5Cipyrr][THN] < [Camim][T£N] < [Comim][FSI] <
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[C3Cimim][Tf2N] < [Csmim][Tf2N]. Consistently, the solubility of [Tf2N"]-based IL in
water decreases in the same order. This indicates that IL solubility is one of the
determining factors for T1(III) extraction efficiency into this type of solvent.

The extraction mechanism of the metallic species is strongly influenced by the
aqueous phase acidity. For instance, TI(I) extraction into [Comim][Tf2N] (n = 2, 4, 8) at
lower acidity is likely to proceed via cation exchange mechanism between the IL cation
and T1* species. Meanwhile, at higher acidity, TI(I) predominantly exists as TICl,™, and
this species was most likely extracted through an anion exchange mechanism with an IL
anion. Ion pair formation between TICl,™ with the IL cation could also occur at higher
acidity. In the case of TI(III), ion pair formation between TICls™ species and the IL cation
is found to be the most possible extraction mechanism at low acid concentration. The
same extraction mechanism is likely to take place at high acid concentrations, but the
extracted species is either TICls*~ or the mixture of TICls~and TICls>~.

The results of In(IIT) and TI(, III) extraction into water-saturated [Hbet][Tf2N]
showed that In(III) and TI(III) were better extracted at low HCI concentrations and in the
presence of 15% (w/v) bet. Addition of bet increased the solubility of [Hbet][Tf2N];
consequently, the metal extraction yield (III) increased. The highest Diyamy and Driam
obtained in these experiments were 200 and 70, respectively.

To understand the role of [Tf2N7] anions in the In(IIT) and TI(IIT) extraction
process into [Hbet][TfoN], Li[TfoN] salt with different concentrations was added into the

aqueous phase. The increased amount of [Tf>2N~] anion led to higher In(III) extraction
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yield, but its effect on TI(III) was insignificant. These findings suggest that In(III) exists
in the aqueous phase as a positively charged complex, while TI(III) is in negatively
charged form. Then, several mathematical models were developed to explain the
extraction mechanisms. Considering that In(IIT) and TI(I, III) can exist in the form of
positively or negatively charged complexes, it is believed that metal extraction can occur
through either ion pair formation with [Hbet*] or [Tf2N7] in the aqueous phase, or cation
exchange with [Hbet"] and anion exchange with [Tf2N7] in the organic phase.

All of the mathematical models mentioned above are based on the initial
interaction between metal-halide complexes with [Hbet"], which leads to the formation of
metal-betaine complexes in the aqueous phase. The number of betaine ligands in the
extracted metal complex, as well as the complex structure, was determined using a slope
analysis method. Ideally, these mathematical models can also estimate the product of

extraction constant and complex formation constant (Kexe mcmn,tiry © Kmm,miry)- These

values are useful in deciding the predominant extraction mechanism for each metal
among all possible options. However, in many cases their values have large uncertainties
and thus, were not used as the main determining factor. Therefore, the most possible
extraction pathway was chosen based on the combination of three factors: the results
from the slope analysis, the value of the extracted constant, and the expected chemical
behavior of the metal. On this basis, at low HCI concentrations, In(III) was shown to be
extracted mostly as InCly* species through an ion pair formation with [Tf2N"], and the
extracted complex is [InCla(bet)s][Tf2N]. In the presence of 15% (w/v) bet, the extracted

In(IIT) complex contains approximately three bet molecules. It is likely that, when it is
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present in excess, bet binds with In(IIl) as a bidentate ligand. At high HCI concentrations,
In(III) is predominantly extracted as [InCl2][Tf2N]. Meanwhile, TI(IIT) is most likely
extracted through ion pair formation with [Hbet*] as TICls~ species in the entire HCI
concentration. It is possible that the extracted complex contains some bet species at low
acidity, but the number of betaine ligands cannot be estimated due to insufficient data and
the large uncertainty on the slope. In the case of TI(I), a cation exchange mechanism with
[Hbet*] is shown to be the predominant extraction pathway. The extracted species are
[T1(bet)*] at acid concentrations below 0.5 M, TI" in the acid range of 0.5 — 5 M, and
TICL2™ above 5 M HCI. The extraction of [Hbet][TICl:] through ion pair formation at high
acidity is also possible.

Extraction of In(IIT) and TI(I, III) into DL-menthol and lauric acid ES was
generally poor. Addition of HDEHP as the extracting agent was able to increase D)
values up to five orders of magnitude larger at acid concentrations below 1 M HCI, but it
did not have a significant effect at higher acid concentrations. The highest Diam) value
obtained in this chemical system was approximately 28 at 0.2 M HCI. Similarly,
increasing of D) values in the presence of HDEHP was also observed at lower acidity.
The overall D) value is considerably low; the maximum value of 0.3 was reached in the
presence of HDEHP at 0.01 and 10.2 M HCI. In the case of TI(III) extraction, both Cl»
water and Br> water were used as an oxidizing agent and the resultant Driam) values were
compared. It was found that below 3 M HCI, Driamy values with Br, water were better
than Cl, water. Above this acid concentration, the Driamy values are comparable.

Furthermore, the effect of HDEHP addition into the system was not very significant
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although improvement of Driam values was also observed. Interestingly, HDEHP was
found to be more effective as an extracting agent for In(III) when it was diluted with
kerosene, which is a non-polar solvent, compared to in ES-MLA. However, the solvent
effect on TI(III) was the opposite. Better TI(III) extraction was obtained when HDEHP
was diluted with the ES-MLA.

Based on the known metal speciation in aqueous HCI media and the HDEHP-
based extraction mechanism, In(III) and TI(I, III) are likely to be extracted through a
cation exchange mechanism as positively charged InCI>* or InCl>*, TI*, and TICI** or
TICl,* species at low acid concentrations. Meanwhile, at high acid concentrations, a
solvation reaction is likely to occur and the extracted species are InCls, TICI, and TICls.

From these results, it can be concluded that, among all the chemical systems that
have been studied, the extraction systems containing imidazolium-based ionic liquids
with a relatively long alkyl chain such as [C4mim][Tf,N] are the most promising ones.
This imidazolium-based ionic liquid was shown to extract TI(III) effectively and had a
distinct distribution ratio between In(I1I) and TI(I, III).

In principle, the results of this study are valuable not only for future nihonium
chemistry but also for many other fields. As an example, In-111 and TI-201 used in this
research are both medical radionuclides. The same chemical systems that were studied
could potentially be used for separation or purification of these nuclides from unwanted
reaction products. Furthermore, indium is one of the key metals listed in critical material
reports in Europe and the USA [162,163]. Due to high demand of indium, and the fact

that only certain countries produce this metal (China being the largest producer [162]),
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there is a high incentive to recover it from secondary raw material [109]. Solvent
extraction is one of the techniques used for that purpose [164] and the chemical systems
used in this work, in particular betainium-based IL extraction, could be an option for a
greener extraction process for indium recovery. Additionally, the knowledge of the
mutual solubility of [Hbet][Tf,N] and water obtained from this study could be
implemented in the forward osmosis for seawater desalination where [Hbet][Tf2N] was

used as the “draw” solution in the process [165].

5.2 Future Work

The results from this research have provided valuable information about the
chemistry of In(Ill) and TI(I, III) in the ionic liquid-based solvent extraction process.
However, even though the study of the reaction kinetics in all chemical systems showed
that In and TI extraction was accomplished in less than 1 min, which is potentially fast
enough to study Nh chemistry, determining the feasibility of these chemical systems for
Nh chemistry study requires more research. For instance, the current chemical system
should be modified to be applicable in an online chemistry setup, where the production of
the elements and the chemical experiments are carried out together.

Thus, there are several possibilities to extend the current study. One option is to
investigate the applicability of the ionic liquid-based chemical system for the online
chemical experiment in the liquid phase. The online study of In and Tl extraction into an
imidazolium-based ionic liquid has been reported [30], but it does not include the

automation of the extraction process. It would be beneficial to repeat the experiment and
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automatize the extraction system, for instance by using the well-known fast chemical-
separation system for liquid-liquid extraction called SISAK [166], and compare the
results between the offline and online experiments. Similar online experiments can also
be done with the betainium-based ionic liquid, [Hbet][Tf2N]. This protic ionic liquid has
a different extraction mechanism compared to that of an imidazolium-based ionic liquid,
where betaine in the cationic part of the ionic liquid is involved in extracting the metal
ion by forming a coordination bond with the metal. In this current study, it was shown
that In(IIT) was extracted into [Hbet][Tf2N], and the presence of betaine in excess
improves the extraction efficiency. Thallium(III) was also extracted, but its extraction
yields were lower than In(III). It would be interesting to compare the results of In(III) and
TI(IIT) extraction and separation in an online chemical experiment with the offline one. In
addition, the online chemical system with [Hbet][Tf,N] can also be extended to studying
other SHEs and their homologs, such as the well-studied SHE Rf and its homologs, Zr
and Hf, and other SHEs that have been produced in a rather high rate, such as group 5
and group 6 elements.

Some other potential studies could be aimed toward using the ionic liquid for
detection of a radionuclide of interest. Recently, a new prototype for alpha spectrometry
was developed. The method would allow for direct and selective measurement of the
nuclide of interest by grafting a sulfonyl group as an ion exchanger onto the surface of a
silicon detector [167]. The cation moieties of [Hbet][Tf2N] might be a candidate for the
grafted functional group. It is a cation exchanger and shows selectivity towards In(III)

and TI(I, III) in a liquid-liquid extraction process. It would be interesting to investigate
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whether the same result can be obtained when the cation [Hbet"] is used as the functional
group on a detector. The ionic liquid [Hbet][Tf2N] can also be potentially used in the
detection as a cation exchanger by physically attaching the molecules onto the detector
surface. A proof-of-principle experiment using polymerized ionic liquid to coat an inner
surface of a plastic tube and a tube filled with beads has been reported by Tereshatov et
al. [168]. To the extent of the author’s knowledge, polymerized [Hbet][Tf2N] is not
available commercially. However, this ionic liquid crystallized after hours or weeks [88]
and crystal formation can be prevented by saturating the ionic liquid with water.
Tereshatov et al.’s method might be adopted to coat the inner surface of a plastic tube
with [Hbet][Tf2N], then remove the water from the ionic liquid to promote the crystal
formation and form a solid layer. However, it might be hard to control the thickness of
the layer with this method and there is no guarantee that the crystal properties do not
change over time. Then, polymerizing [Hbet][Tf2N] would be an alternative route in the
attempt to solidify the material. Should these experiments work, there are possibilities to
use the coated detector for online chemical experiments in both liquid and gas phase

chemistry system.
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APPENDIX A

SUPPLEMENTARY INFORMATION

The mutual solubility study of [Hbet][Tf2N] ionic liquid and water is described in
Chapter 3. Some additional data and information obtained from the mutual solubility

experiments are presented below.
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The concentrations of individual species were evaluated by using the system of equations (Egs. 16 — 21) and presented

in Figs. 10 — 12 in the main text. The numerical values of the data points on the figures are shown in Tables A1 and A2.

Table A1 The concentration of individual species evaluated by the system of equations (Eqgs. 16 -21 in the main text). The
chemical system consists of water or DCI (aqueous phase) and pre-equilibrated [Hbet][Tf2N] (organic phase).

DClinic (M) [H*] (M) [HTE:N] (M) [TENT (M) [Hbet*] (M) [bet] (M) YHCL:
0 0.048 % 0.005 0.0147 £ 0.0007 0.259 +0.013 0.251 +0.025 0.093 0009 0834
0.012 0.0314 £0.0006  0.0103 +0.0005 0.269 +0.013 0.236 + 0.024 0.130 £0.013 0838
0.051 0.0378 £0.0008 00117 £0.0006  0256+0.013  0.248 +0.025 0.115+0011  0-848
0.226 0.0770 £ 0.0015  0.0189  0.0009 0.2110.011 0.329 + 0.033 0.078 £0.008 0812
0.497 0.202+0.004  0.0407£0.0020  0.184+0.009  0410+0.040  0.0394 +0.0039 0767
1132 0.658 +0.013 0.091  0.005 0.126 £0.006  0.430+0.040 0012600013  0-769
3.191 2.220 % 0.040 0.152+0.008  (437+022) 002 0510£0.050 (3.10+031) o3 1100
5.976 4.300 % 0.090 0.168+0.008  (126+0.06) 02  0.620+0.060  (9.7+1.0)010* 2186
8.036 5.659 +0.113 0.185+0.009  (6.19+031)0° 071020070  (5.1+05) 004  3-09
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Table A2. The concentration of individual species evaluated by the system of equations (Eqgs. 16 -21 in the main text). The
chemical system consists of water or DCIl and 15 % (w/v) betaine (aqueous phase) and pre-equilibrated [Hbet][Tf>2N] (organic

%héig{ (M) [H*] (M) [HTE:N] (M) [TENT (M) [Hbet*] (M) [bet] (M) HCI
0 63+0.6) 007  (2.11+0.11)00°  0.258 +0.013 0.288 + 0.029 0750 +0.080 0923
0.009  (5.07+0.10)10° (1.77+0.09) 10°  0.263 +0.013 0.251 % 0.025 0.790 +0.080 0928
0041  (548+0.11)010° (1.74+0.09) [10°  0.240 +0.012 0.261 % 0.026 0.760 +0.080 0926
0.198  (8.02+0.16) (103 (1.83+0.09) (103  0.175 % 0.009 0.341 + 0.034 0.690 +0.070 9914
0.436 0.0146 £0.0003  (2.40+0.12) 103 0.130 £0.006 0.490 % 0.050 05600060  0-891
0.998 0.0515+0.0010  (6.10+0.31) CI0®  0.100 +0.005 0.930 + 0.090 03230032 0829
2786 103320021  (541+027) (107 (4.49+022) (102  1.420+0.140  (2.49+0.25) (102 0818
5.150 2960 +0.060  (82+0.4) 102 (1.400+0.070) (102 1.460+0.150  (5.3+0.5) 003 1380
6.883 4290+0.090  (1.06+0.05) 10"  (7.9+04)10°  1490+0.150  (2.35+0.24) (103 2182
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The dependency of the mean ionic activity coefficient of HCI (yy¢;+) on the H*
concentration in molal quantity is available in ref. [126]. Meanwhile, the system of
equations (Eqs. 16 — 21 in the main text) includes yyc;4 as a function of [H*] in molar.
Therefore, the literature values were converted into the appropriate unit by taking into
account the density of HCI based on the data available in ref. [127]. The results are

shown in Figure A1l and the numerical values are listed in Table A3.

10" 1

Activity Coefficient

10° 1 [ —

107 10° 10!

[HCI] (M)

10* 103 102

Figure A1. Mean ionic activity coefficient of HCI as the function of HCI concentration.
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Table A3. Mean ionic activity coefficient of HCI.

HCI (M)

TE

HCI (M)

TE

HCI (M)

0.000498

0.9752

0.591377

0.763

2.825111

1.316

0.000997

0.9656

0.6886294

0.772

3.264648

1.518

0.001993

0.9521

0.7855178

0.783

3.695738

1.762

0.004983

0.9285

0.8820464

0.795

4.118617

2.04

0.009966

0.9048

0.9782187

0.809

4.533048

2.38

0.019928

0.8755

1.1694586

0.84

4.939543

2.77

0.049791

0.8304

1.3591544

0.876

5.338412

3.22

0.099488

0.796

1.5474427

0.916

6.112676

4.37

0.198602

0.767

1.7342964

0.96

6.857565

59

0.297345

0.756

1.9196011

1.009

7.574278

7.94

0.395722

0.755

2.3767715

1.147

8.263997

10.44

0.493737

0.757
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[ClTag,eq (M)

10!

10°

10?

107

Chloride ion concentrations measured by the Mohr method are plotted as a

function of initial DCI concentration (Figure A2). Based on this figure, there was no

transfer of chloride ions into the organic phase.
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Figure A2. The equilibrium concentrations of [Cl7] after contacted with [Hbet][Tf>N]
without the presence of bet (pure DCI) (a) and in the presence of 15 % (w/v) bet (b). The
dashed line shows the trend expected for perfect agreement between the initial and final
concentrations.
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Concentrations (M)

The equilibrium concentrations of [H*] and [C17] ions in 3 — 8 M DCl were
plotted as functions of the initial acid concentrations. The results show that the

equilibrium concentrations of these ions are lower than the initial ones (Figure A3).
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Figure A3. Plots of [H*] and [Cl] equilibrium concentrations after contact with
[Hbet][Tf2N] without the presence of bet (pure DCI) (a) and in the presence of 15 % (w/v)
bet (b). The dashed line (y = x) indicates the reference value when the initial and
equilibrium [H*] and [C17] are equal. The solid lines are drawn to guide the eye.

To verify this observation, in a separate experiments, [Hbet][Tf2N] and

[C4mim][Tf2N] ionic liquids (the latter was chosen for comparison) were washed with
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deionized water after being in contact with > 3 M HCI. The corresponding aqueous
phases (after rinsing) were qualitatively tested for chloride content. In all cases, an
addition of AgNO3 led to a precipitate formation. Table A4 shows the measurement of
the equilibrium pH of the aqueous phases. The results show that the ILs were acidified
after contact with concentrated acid (the uncertainty of the measurement is 0.05 pH
units). Thus, HCI was shown to be transferred into the organic phase (neglecting anion
exchange between [Cl ]aq and [Tf2N"]org, Which is in agreement with the literature) [112].
It is likely that this acid is dissolved in water contained in the organic phase.

Table A4. The measurement of the equilibrium pH of the aqueous phases after the ionic

liquid is washed with water. The ionic liquids were previously contacted with either
water or 3 — 8 M HCI. The uncertainty of the pH measurements is 0.05 pH units.

[Hbet][Tf2N] [Camim][Tf2N]
[HClJinitial (IM)
PHeq PHeq
0 1.42 7.04
3 0.70 1.67
6 0.44 1.05
8 0.20 0.92
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The extraction of species into [Hbet][Tf2N] was described in Chapter 3. The
concentrations of the extracted species are depicted in Fig. 15 in the main text and their
numerical values are shown in Tables A5.1 and A5.2 below.

Table AS The concentrations of proton, bet, and HTf,N species that were extracted into
the organic phase from pure water and DCI.

DClinit (M)  [H*Jorgeq (M)  [HTE2N]org,eq (M) [betlorgeq (M)
0.000 0 0 (1.9 £1.0) 102
0.012 0.022 +0.039 -0.005 £ 0.020 (2.5+1.3)01072
0.051 0.019 £ 0.039 0.006 +0.019 (22+1.2)0102
0.226 0.060 + 0.040 0.044 £0.018 (1.3+0.7) 0102
0.497 0.110 £ 0.050 0.049 £ 0.018 (6.1 £3.2) 107
1.132 0.100 + 0.050 0.057 £0.017 2.0+ 1.1) 0073
3.191 0.170 £ 0.050 0.078 £ 0.017 (42+22)00*
5.976 0.280 + 0.060 0.093 +£0.016 (1.1 £0.6) C10*
8.036 0.370 £ 0.070 0.083 +0.017 (4.9 £2.6) 107
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Table A6. The concentrations of proton, bet, and HTf,N species that were extracted into

the organic phase from water and DCI containing 15 % (w/v) bet.

DClinit M)  [H*Jorgeq M)  [HTf2N]org.eq (M) [betlorg.eq (M)
0 0 0 0.560 % 0.080
0.009 0.000 £0.150  -0.005 +0.019 0.590 + 0.080
0.041  -0.010£0.150  0.018 +0.018 0.580 + 0.080
0.198 0.000+0.150  0.083 +0.016 0.520 +0.070
0.436 0.020+0.150  0.128 +0.015 0.410 % 0.060
0.998 0.220+0.160  0.154+0.014 0.200 + 0.030
2.786 0.410+0.180  0.161 £0.014 (1.3+0.2) 0107
5.150 0.430 +0.180 0.164 +0.014 (2.8+0.4) 073
6.883 0.460 + 0.180 0.146 +0.014 (1.2+0.2) 0073
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