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ABSTRACT

The purpose of this thesis was to check if it was possible to prepare a mechanical and
chemical system that can reduce Seaborgium, element 106, and separate between the
reduced and the oxidized state. To do this the liquid-liquid extraction system SISAK
has been coupled to a flow electrolytic column, which is able to reduce single atoms. To
overcome the high difference in flow rate between these two systems a membrane de-
gasser has been utilized which managed to severely reduce the amount of fluid needed.

Several extraction schemes have been tested. These had the goal that they should
manage to strongly extract only one of the oxidation states. As a model for Sg experi-
ments Mo and W have been used. During the work of this thesis it has been shown that
it is possible to reduce and separate between two oxidation states of Mo. Furthermore,
slight separation has been achieved for W in some systems. This have been done to
model Sg in such a way that it is realistic to believe that Sg will behave in the same way.

In addition a proof of concept has been achieved were the newly developed mem-
brane degasser, the flow electrolytic column and the SISAK centrifuge have been cou-
pled together. This managed to reduce enough Mo and separate between the reduced
and oxidized Mo species at a flow rate of 0.2 mL/s and with the aquatic solution 0.1
M HCI + 0.9 M LiCl and an organic solution of 0.01 M hinokitiol in Toluene. Some
kinetic studies have been performed at 0.2 mL/s flow rate with HDEHP as an extractant
in toluene and an aquatic solution of 0.1 m H,SO,4. Additionally retention on the carbon
electrode is discussed.

The work presented in this thesis have been performed as a part of a large collabora-
tion between the nuclear chemistry group at the university of Oslo, Norway and between
the superheavy element group in Tokai, Japan. An importan part of this work has there-
fore been to set up a working SISAK set-up in Tokai and a working flow electrolytic
column in Oslo.
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ABBREVIATIONS

AKUFE = Anordning for Kontinuerlig Undersokning av Fordelingjamvikter vid Vitske
Extraktion. This translates to: device for continuously research of equilibrium with lig-
uid liquid extraction

CDG = Centrifuge Degasser

DC = Direct Catch, a term used when filtering aerosols particles carried in the gas-jet
system.

D-ratio = Distribution Ratio

FEC = Flow Electrolytic Column/Cell

GSI = Gesellschaft fiir Schwerionenforschung mbH

HDEHP = Diethylhexylphosphoric acid

HPGe = high purity germanium detector

HSE = Healt, Enviroment and Safety

MDG = Membrane Degasser

LBNL = Lawrence Berkeley National Laboratory

LLE = Liquid Liquid Extraction

LS = Liquid Scintillation

PEEK = Poly Ether Ether Ketone

PI = principal investigator

RIKEN = Rikagaku Kenkyusho

RPM = Rounds Per Minute

SISAK = Short lived Isotopes Studied by the AKUFE-technique.

StHe = Standar Hydrogen Electrode

SHE = Super Heavy Element

TOA = Trioctylamine

77 = Zic Zac mixer
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1. INTRODUCTION

1.1 Studies of Superheavy Elements

The elements are the essential chemical building-blocks. One of the most fundamental
chemical investigations that can be undertaken is to study a new element. However, all
commonly available elements (e.g. that are found in nature) have been extensively in-
vestigated. From the systematics of the Periodic Table, some elements like technetium
(Tc, Z=43) and promethium (Pm, Z=61) are missing in nature, but have been produced
in nuclear reactions and are today well known [1-3]]. Even elements heavier than ura-
nium, the heaviest element found in nature with Z=92, are available in macroscopic
quantities: Up to around element 98 (californium) these transuranium elements are rou-
tinely produced in nuclear reactors [4-11]. As one moves far away from the stable or at
least long-lived elements, it gets harder and harder to synthesize even heavier elements,
both due to very low cross sections (expressing the probability for a successful nuclear
reaction) and shorter and shorter half-lives. Nevertheless, elements all the way up to
element 118 have been produced [12]], but for the heaviest only single atoms that mostly
disintegrate in less than a second. This provides a substantial challenge for any chemist
who contemplates to study their chemical properties. At present the heaviest element
witch have been studied chemically is element 114 [13] 14].

Superheavy elements will here be defined as elements containing 104 or more pro-
tons. The term Superheavy Elements (SHEs) are used differently by different people
and should be used with caution. Formally the elements with Z=104 and above are
termed transactinide elements. In this work Superheavy elements and transactinides are
used synonymously. The SHEs are the “last frontier” for the chemists with respect to
access. The new elements are intriguing to study due to the fact that their chemical
behaviour is largely unknown. Their chemical behaviour can deviate from the expected
trends of their homologues. The reason for this is the so called relativistic effect. Due
to the highly charged and heavy core in these elements the innermost electrons are ac-
celerated to such an extant that their mass changes band they orbit closer to the nucleus.
The relativistic effect roughly increases as a function of Z2 . This changes he outermost
shell structure of the atoms which determine their chemical properties and binding [[15]].
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1.2 Purpose and Motivation

There were two central goals for the work presented here. The first is substantial, to
improve the understanding of the atomic structure of element 106, seaborgium (Sg).
The second was procedural, exploring the capability of available instrumentation to
achieve this goal.

Sg has never been reduced chemically, which is a major chemical challenge. This
thesis is part of a larger project aiming to develop a system capable of separating two
oxidation states of this element. Seaborgium is not available for development work,
therefore lighter elements that are assumed to have similar chemical properties are used
as models. The homologues molybdenum (Mo) and tungsten (W) were used as models
for Sg in this work.

Due to the low production cross-section and short half-life of Sg, the reduction,
separation and detection system must be capable of “single atom chemistry”. Single
atom chemistry represents considerable challenges as the mass action law cannot be
applied in the regular way [16]. Finding the single atom is a great challenge and it is
only done upon decay.

The thesis explored the use of the instrument Flow Electrolytic Column (FEC) to
change the oxidation state of single atoms. Further, the Liquid-liquid Extraction (LLE)
system SISAKE| was utilized to investigate the difference in behaviour between the two
oxidation states.

The purpose of this thesis was to investigate the possibility to use these two sys-
tems, the FEC and SISAK, together and develop a chemical system which can separate
between two oxidation states. A significant challenge for this is that the normal flow
rate for the phases in SISAK is 0.4-0.5 mL/s while The FEC utilizes flow rates around
0.1 mL/min. I. e. the flow rates used for normal SISAK operations are over 200 times
higher. Work is in progress to reduce the flow rate of the SISAK system. In particular
the developed Membrane DeGasser is able to reduce the flow rate of the SISAK system
to about 50% of what have been used earlier [[17-19]. The other purpose have been to
develop a chemical system where the two oxidation states behave so differently that it
is possible to separate them by using LLE.

1.3 Collaborators

The experiments in this thesis have been performed in collaboration between the su-
perheavy chemistry groups in Tokai and Oslo. Seminars, discussions, planning and
experiments have been performed jointly at both sites. Furthermore, personnel from

' SISAK: Short lived Isotopes Studied by the AKUFVE-technique. Where AKUFE is a Swedish
acronym which stands for: Anordning for Kontinuerlig Undersokning av Fordelingjamvikter vid Vitske
Extraktion
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both groups have been participating both in Tokai and Oslo. E.g. as part of this thesis
work, three months were spent in Japan to participate in an intense experimental cam-
paign. Even when personnel from the other group was not present, extensive joint effort
were put into planning and analysing experiments, using video meetings, e-mail and a
common wiki-system [20]. This collaboration was formed to take advantage of both
groups previous experiences. The Oslo group’s usage of the SISAK systems and previ-
ous LLE experiments, and the Tokai group’s experience with single atom reduction. In
addition, the difference in experimental facilities provided a wider set of experimental
tools. In addition to the two experiment sites (Oslo and Tokai), substantial theoretical
support was obtained from Dr. Valeria Pershina (GS and Prof. Jens V. Kratz (Univ.
Mainz). The current thesis does not undertake to present all the work performed within
the Oslo-Japan project, but focus on experiments and results in which the author have
been significantly involved, either as principal investigator (PI) or at least major par-
ticipant. In cases where results in which the author played a more peripheral role is
mentioned or presented, this will be clearly stated.

1.4 Thesis Outline

This thesis starts with an outline of the background of the methods used. In Chapter
2 Here an outline of relevant work and the most important equipment is
discussed.

Following this, in Chapter the most essential theory for this thesis is
discussed. Then in chapter 4] [nstrumentation] There is a close description of the equip-
ment used. This then leads to Chapter [5] [Experimental Procedures] this describes how
the chemicals and the chemical equipments was used. In the process of this work sev-
eral different types of experiments have been performed: In Chapter [6]
these experiments are ordered in the following way: The instrumental ex-
periments, how they function as a unity will be presented first. This is followed by the
batch experiments where the experiments that the author has directly participated in are
presented first. Then results from Japan are presented.

In the last Chapter [7||Discussion and Conclusions| the results from the different
experiments are discussed and conclusions are drawn.

2 Gesellschaft fiir Schwerionenforschung mbH
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2. BACKGROUND

2.1 Superheavy Elements

Rutherfordium is the lightest Superheavy element (SHE) with 104 protons. Superheavy
elements are not found in nature but are formed in nuclear reactions induced by high
intensity heavy ion-particle accelerators.

This thesis focuses on the chemistry of element 106, seaborgium (Sg). It has been
placed in group six of the transitional elements together with its homologues; tungsten,
molybdenum, and chromium. The first time it was created was in 1974 at the Lawrence
Livermore Laboratory [21].

In this review recent article by Tiirler and Pershina [12] the gas-phase experiments
with Sg and other superheavy elements are discussed. However the focus of this thesis
is on aqueous phase experiments to allow determination of redox potentials. Previously
only two experiments have been performed in the aqueous phase [12, 22| 23]. These
experiments concluded that Sg behave similar to it homologues but has a stronger ten-
dency to hydrolyse. Thus, there is not much empirical knowledge of Sg in the aqueous
phase. Therefore, theoretical calculations coupled with trends in the homologues are
used as guidlines.

2.2 The SISAK System

The SISAK system performs liquid-liquid extractions in a continuous way using small-
volume separator centrifuges [24]. Since its development in the 1970’s the system has
gone through several major changes, particularly important was it that the volume of
the centrifuge chamber was reduced from 100 mL to 0.3 mL [25, [26]. In addition, the
construction material was changed from titanium passivated palladium to a composite
material PEEK (Poly Ether Ether Ketone). The change in material made the system
more resistant against aggressive acids and the reduction in size improved the transport
time at maximum flow rate from 2.4 s to 0.05 s [25, |27]. A sketch of the SISAK cen-
trifuge can be seen in Fig[2.1] The separation chamber rests as a cup on top of he engine.
The engine then spins the cup this forces the liquid with the highest density against the
outer wall, and the less dense liquid towards the inner wall. A more thorough descrip-
tion of the parts used can be found in chapter §.4] [Set-up for Liguid-Liquid Extraction|
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Outlet heavy phase Inlet for both phases
Outlet light phase —

Green parts
rotates

Red parts
are stationary

\

|
Engine \

Fig. 2.1: A simplified schematic drawing of the SISAK centrifuge. The green parts spin, thereby
forcing the denser liquid out to the edges. The red part is stationary with two inlets for
the denser and the less dense fluid.

Separation chamber

2.3 Flow Electrolytic Column

The Flow Electrolytic Column (FEC) was developed to study reduction potentials of
short-lived heavy nuclei [28]). It can operate in a continuous way as long as the potential
is in the correct range. It has been used to empirically define the reduction potential of
No and Md 30]. In these experiments the working electrode was coated in a resin
which retained the reduced element. The reduced species were washed out with acid.

The FEC was developed from an early version which was used to test for trace
amount of uranium in solutions , in particular the amount of uranium in seawater
[32]. For a schematic sketch of the FEC see Fig [2.2] The solution enters trough the
inlet and metal ions are reduced at the working electrode. The reduced metal ions stay
in the solution and exits at the outlet with the continuously flowing solution. The Pt
mesh functions as a counter electrode and Ag|AgCl assembly functions as a reference
electrode.
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G'agsy , PtThread
b B Fritted glass

Porous Glass

Carbon fiber

Pt mesh

Fig. 2.2: A schematic sketch of the FEC set-up. This sketch shows the working electrode
marked as carbon fibre. In addition the counter electrode and the reference electrode is

shown here as platinum and Ag|AgCl respectively.
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3. THEORY

3.1 Liquid-liquid Extraction

Liquid-liquid Extraction (LLE) refers to the distribution of a solute (the minor compo-
nent of a solution which is regarded as having been dissolved by the solvent) between
two immiscible liquid phases. The two phases are forced into contact thus enabling the
solute to travel across the phase boundary. The distribution between the two phases is
usually expressed as the distribution ratio, from here on referred to as the D-ratio. The
definition of the D-ratio is:

(3.1)

Were [A],, is the total analytical concentration of solute A in the organic solution
while [A],, is the total analytical concentration of solute A in the aqueous solution [33].

In many cases it is useful to express the D-ratio as the fraction extracted, this is
defined as [34]:

D

= 2
R=5 (5-2)

Were R is the fraction of solute extracted. This formula is valid for one extraction step
and for equal liquid volumes i.e. V., = V.

The D-ratio of a compound can be controlled by using different adduct formers in
the aqueous solutions and different extractants in the organic solution. For LLE there
are several terms commonly used. Those that are relevant are defined below:

An adduct is a new chemical species AB, of which each molecular entity is formed
by direct combination of two separate molecular entities A and B. This occur in such
a way that there is a change in connectivity, but no loss of atoms within the moieties
A and B. Stoichiometries other than 1:1 are also possible. An intra-molecular adduct
can be formed when A and B are groups contained within the same molecular entity.
This is a general term which, whenever appropriate, is preferred to the less explicit term
complex [35].

A complex is a molecular where entity formed by a loose association involving two
or more component molecular entities (ionic or uncharged). The bonding between the
components is normally weaker than in a covalent bond [35]].
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A ligand is an inorganic or organic coordination entity, the atoms or molecular
groups are bound to the central atom [35].

A Coordination entity is an assembly consisting of a central atom (usually metallic)
to which there is attached a surrounding array of other groups of atoms (ligands) [35].

Chelation is the formation or presence of bonds (or other attractive interactions)
between two or more separate binding sites within the same ligand and a single central
atom. A molecular entity in which there is chelation (and the corresponding chemical
species) is called a ’chelate’. The terms bidentate (or didentate), ... multidentate are used
to indicate the number of potential binding sites of the ligand, at least two of which must
be used by the ligand in forming a ’chelate’ [35]]. (The use of the term is often restricted
to metallic central atoms.)

3.1.1 Extracting Agents

In the following the different extracting agents are described and a suggested extrac-
tion mechanism is given. In this thesis a line over the compound designates that the
compound is in the organic phase. The organic phase for all experiments performed in
this work has been some amount of extractant dissolved in toluene. Toluene was used
because it is very important that the organic solvent is compatible with Liquid Scintilla-
tion (LS). Toluene has been proven to useful when mixed with the scintillation solution
without any severe quenching. For a more thorough description of the LS system read
Stavsetra thesis [36]. For the extractant to be applicable in a Sg experiment the D-ratios
for Mo and W have to be similar.

Hinokitiol (HT, 2-Hydroxy-6-propan-2-cylohepta-2,4,6-trien-1-one ) chelates with
cations making them more lipofilic [37]. In Fig|3.1|/hinoktiol is drawn. It protolysis and
a chelate is formed between the two oxygen atoms on the seven ring for each positive
charge on the metal ion, see M. C. Barret et al [38] for further details. The suggested
extraction mechanism is:

nHT + M"" = MT, +nH* (3.3)

(@)

0
N T

N
= ,"' \
o) o

Fig. 3.1: Suggested drawing of the Hinokitiol chelation with metal that has a positive charge
n=1.
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R

/ / WW/’////////O
H—O \

R

Fig. 3.2: Suggested complex between HDEHP and a n charged metal ion [[39]. The M sym-
bolises a singly charged metal, while the R symbolise the 2-ethylhexyl groups on the
HDEHP molecule.

Diethylhexylphosphoric acid (HDEHP) forms a dimer in non-polar solution. The
dimerization will be lost in a polar media. The suggested form of the complex is drawn
in Fig [3.2] After the metal has been transported to the organic phase it forms a 8-
membered ring [39-41]]. So that the complete formula for extracio is suggested as:

n(HDEHP), + M™ = M(DEHP),, - (HDEHP), + nH* (3.4)

Where DE H P symbolize a solvolised HDEHP molecule, M"™" symbolise a metal ion
with a charge of n, and n is a number.

Trioctylamine (TOA ) binds with anions making them more lipophilic and therefore
more extractable in toluene. The general reaction of extraction by TOA can be written
as:

Protonation:

(RsN)+ HY + A~ = (R;NHTA") 3.5)

Exchange:

(ReNHTA-)+ B~ = (RsNHTB~ )+ A~ (3.6)

The extraction of the metal ions is not only controlled by the extractants in the
organic phase but also from the adducts formed in the aquatic phase. Strong acids are
common ligands to use for this, in addition several weak acid can be used they will not
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be discussed here. A rule of thumb for the binding strength of aqueous ligands are [42]:
ClO; <NOj <ClI” <HSO, <F~.
Here fluoride is the strongest ligand and perchlorate is the weakest ligand.

3.2 Redox Chemistry

In thesis valence state have solely been used to describe the oxidation state. Hexavalent
is oxidation state VI. Tetravalent is oxidation state I'V. In general a redox reaction is
written as half reactions, one for the material being reduced and one for the material
being oxidized:

M + e~ — M~ reduction (3.7
M — M™ + e~ oxidation (3.8)

Here M represents an atom and e~ is an electron. The atom and the electron react
and the oxidation state is changed. The reaction can go either way: When there is an
electron added to the atom it is called reduction; when there is an electron taken away
from the atom it is called oxidation. The deviation from the standard potential related
to the Standard Hydrogen Electrode (StHE) is given by the Nernst equation:

T
B, — gt My, (70“" > (3.9)
nk’ YRed

Here E° is the standard potential compared to StHE, and E,.., is the reversible potential.
R is the gas constant, " is the absolute temperature ,and F' is the Faraday constant. n is
the number of electrons transferred. 7o, is the activity of the oxidized species, Ygeq 18
the activity of the reduced species [43]]. £ is related to AG° the Gibbs free energy as:

AG? = —nFE° (3.10)

Therefore a negative potential will symbolise a reaction driven towards an oxidation
while a positive potential symbolise a reaction driven towards reduction [44].

The basic idea behind the project is to measure the reduction potential of seaborgium.
Since this is impossible to do directly in the normal way”, the idea is to observe the
difference in extraction behaviour between reduced and non-reduced species. “Normal
way”” would be behaviour visible in macro amounts, e.g observed color change or cur-
rent change in Cyclic Voltammetry (CV). Thus, LLE is used to determine the oxidation
state. In order for this to work an aqueous mixture that yield Sg-complexes of such a
type that they can be distinguished in the subsequent extraction, i.e. one species extracts
and the other do not, must be found. An example of an ideal case is presented in Fig
[3.3] this show what the extraction would look like if complete separation between two
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Fig. 3.3: Simulating an extraction as a function of potential. In this model the oxidized specie
is completely extracted while nothing of the reduced specie is extracted.

oxidation states were achieved. With this ideal case finding the point where half of the
atoms are reduced the Nernst equation is then simplified to:

Erev =FE° (311)

Thus, it would then be possible to derive the standard potential. However, overpotential
shouls also be taken into account. This is defined as:

n=F — By (3.12)

Where 7 is the overpotential and F is the potential applied. There are several different
aspects which can affect the overpotential. In the scope of this thesis there have not been
enough time to discuss this thoroughly. More about overpotential can be read here [45]].

The standard reduction potential is given in relation to the standard hydrogen elec-
trode StHE [46]. This half-cell is defined as a platinum electrode in contact with H, gas
and an aqueous solution at standard state condition.

3.2.1 Cyclic Voltammetry

In cyclic voltammetry the potential is changed back and forth between a lower and upper
voltage limit. The resulting current is followed as a function of time. When the voltage
is swept from the negative to the positive potential it is called an anodic sweep. When
it goes from positive to negative potential it is called a cathodic sweep. In an anodic
sweep oxidation of the solute occurs, provided the potential is sufficient to perform
the oxidation. The oxidation will be observed as a sudden positive increase of current
passing through the electrodes. In a cathodic sweep the reduction occurs, and this will
be observed as a sudden negative current [47]).
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3.3 Tracer Scale Chemistry

Normally chemistry is carried out in what will be called macro-scale, in this thesis
macro scale will be defined as the solvent containing more than 100 ppm of the solute.
When working with superheavy elements it is impossible to work in macro-scale. This
is due to the difficulty in creating these elements and their short half-lives. The longest-
living known isotope for Sg is 2"!Sg with 2.4 min half-life. Due to its low cross section
it is unlikely that more than one atom will be formed per day [1]]. Therefore there will
only be one atom in the solution at any given point [48]]. Chemistry on this level of
dilution is often called single-atom-chemistry.

This level of dilution raises several challenges. In LLE the distribution of one atom
is impossible to measure. A single atom can only be in one phase at the time. Therefore
the probability of an atom being in one state as opposed to another is used instead of
concentration [16, 49]. Additional challenges are that the atom can be adsorbed to
walls or particles in the solution, significantly changing the behaviour. There is even the
possibility that the single atom might be oxidized by trace amount of an oxidizing agent
in this solution [48]]. Generally trace impurities that have no effect can significantly
change the behaviour in micro scale.

In single atom chemistry the experiments are developed in such a way that the atom
changes phase or state thousands of times i.e. until they reach equilibrium. Thereby,
repeating the experiment results in a statistical distribution between the two phases.
Therefore LLE is a suitable technique to perform experiments on SHEs as the atoms
travels across the phase boundary quickly and continuously [50, |51].

3.4 Nuclear Reactions and Production of Superheavy Elements

The nuclear reactions discussed in this thesis will be described with the commonly used
notation:

Az, y)% B (3.13)

Here a is the atomic mass number, 2 is the number of protons in the nucleus, x is
the incident particle reacting with the nucleus A, y is the escaping particle and B is the
particle formed where o’ and =’ is the new mass number and proton number respectively.

3.4.1 Accelerators

There are several types of particle accelerators appropriate for this study. In this thesis
a cyclotron and a tandem accelerator was used.

If a charged particle is placed in a uniform magnetic field it will experience a force
that acts perpendicular to the field [52]]. Utilizing this, a cyclotron can accelerate charged
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Fig. 3.4: Principle sketch of a cyclotron with the particles trajectory shown. The electrodes are
shown D-shaped. The magnet is not shown.

particles by trapping them between two magnets and accelerate them between two elec-
trodes. The first cyclotrons used two D-shaped hollow electrodes; they were sandwiched
in between electro-magnet. The magnet forced the particles to travel in a spiral pattern
while the gap between the electrodes forced the particles to accelerate, see Fig[3.4][53]].

A tandem accelerator is in general terms a type of electrostatic accelerator. Tandem
accelerators utilize a two-step acceleration of ionic particles. Anions are produced in
the negative ion source. They arrive at a high voltage terminal. Here the electrons
are stripped from the ions either by a carbon foil or by Ny gas. The cations are then
accelerated away from the electrode towards a negative electrode [54]. See Fig [3.5]for
a simple sketch of a tandem accelerator.

3.4.2 Activity Transport

In this thesis the activity was transported from the production chamber to the laboratory
with a gas-jet. This is a technique where the radionuclei adheres to aerosols suspended
in a gas stream. When the nuclei recoils out of the target it is in a highly charged state.
This makes them adhere to the aerosols by Van der Waals forces [55].
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Fig. 3.5: A principle sketch of a tandem accelerator. Anions are expelled from the ion source
accelerating towards the positively charged electrode.

3.5 Separation of Reduced and Oxidized Species

The basic idea behind this project is to reduce Sg, and then use LLE to separate between
the reduced and the oxidized species. It was suggested that the best way to do this was to
ensure that the species had an opposite charge. To model the reduced tetravalent species
the speciation of group four was used. The assumption is that under conditions where
group four is anions the reduced species of group six will also be anions.

3.5.1 The Oxidized Specie is a Cation

One strategy is to keep the oxidized specie as a cation. Fig[3.6]shows the speciation of
the heavier group six atoms as a function of acid concentration. This suggests that the
acid concentration should be kept above 0.1 M. However, the acid concentration cannot
be raised indefinitely as this will result in trouble separating the oxidized and reduced
species. To form negative tetravalent species the free F~ ion concentration should be
kept around 10~* M, this should form MFg_ . However, if the H" concentration
is increased too high it will be very difficult to get a reasonable amount of free F~. This
is because it is a weak acid and in a highly acidic media it will not disassociate [5§].
The following reaction schemes then apply:

Reduction:

SgO(OH)§ +6F~ +2e~ +5H" = SgFy~ + HyO (3.14)
Extraction of the negative specie:

2L + SgF7~ = LySqFs (3.15)
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Fig. 3.6: The most relevant complexes of the group 6 elements and how they behave as a func-
tion of acid concentration [59]].

Where L represent the anion extractant in the organic phase. Then the hexavalent specie
can be extracted with a cation extractant:

C + SgO(OH)§ = CSgO(OH)s (3.16)

Here C represents a cation extractant in the organic phase. Formula and have
an unbalanced charge as it is not yet clear which extractants will be used.

3.5.2 The Oxidized Specie is an Anion

Here the tetravalent will be cationic and the hexavalent species will be anionic. The
chemical system needed for this is a low acid concentration coupled with an extremely
low free fluoride concentration. The suggested acid concentration is 10~2 M. The hex-
avalent species should form MO3™~ [60]. The hydrofluoric concentration should then
be 10~* M. In these condition, the reduced species should form the coordination entity
MPF3* [50]. If the concentration is increased more and more fluoride will bind to the
metal and the cationic charge will decrease and become neutral and then negative. The
reaction scheme for this path will then be nearly the same as the previous mentioned
one:

Reduction:

SgOT™ + F~ +4H' +2¢~ = SgF*" + 40H" (3.17)
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Extraction of the negatively charged species:

2L + SgO3~ = LySg0, (3.18)
Extraction of the positively charged species:

3C + SgF* = C3SgF (3.19)

Formula [3.18] and [3.16 have unbalanced charges as it is not yet clear which extractants
are to be used.

3.6 Summary of Chemistry of Relevant Groups

There is limited knowledge of the reduced species of tungsten (W) and molybdenum
(Mo) and no relevant information was found for tracer scale conditions. To have some
data to plan the experiments, it was assumed that the group four elements behave in
a similar way to the reduced group six elements. Therefore the tracer scale behaviour
of Zr, Hf and Rf has been scrutinized, as well as the chemistry of Mo, W and Sg, in
relevant concentrations.

3.6.1 The Chemistry of Chromium, Molybdenum, Tungsten, and
Seaborgium

The sixth group in the periodic table consists of chromium (Cr), molybdenum (Mo),
tungsten (W) and seaborgium (Sg).

In macro scale group six will form polyoxoanions in aqueous form. Large structures
composing of several metal ions bound together with oxygen. They will form large
structures and they will do this in several strong acids e.g. H,SO,4, HCI, and HNOs [61].
Therefore experiments performed in macro scale cannot be compared to experiments
performed in tracer scale.

The most important oxidation state in aquatic chemistry for Cr is the trivalent state,
while for Mo and W it is the hexavalent [62]. The later is also expected to be the
case for Sg. Theoretical calculations suggests that the oxidation states III, IV, and V
will be more unstable for Sg than comparable states of the homologues [63]. Stable,
soluble compounds for the pentavalent states are known for the lighter homologues but
the structure is not known for tungsten [|63, |64].

From the hexavalent state they cannot be oxidized further. Thus, the redox experi-
ment with Sg will have to be a reduction experiment. Therefore it is important to find
which state is the most stable below the hexavalent. In addition it must be possible to
reach this state in an aqueous environment without reducing the solvent (water). In Fig
the different redox potentials for the different homologues are shown. Theoretically
estimated reduction potentials are read from left to right.
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Fig. 3.7: Standard theoretical reduction potentials for Mo, W and Sg aqueous compounds in
acidic solution [63]]. Oxidation states with unknown structures are marked with a Ro-
man numeral.

Sg is expected to be more difficult to hydrolyse. This has also been verified by
chemical experiments [23},59].

Sg is expected to behave somewhat different from its homologues when reacting
with different concentrations of HF acid. When the concentration is low, below 107°M,
it will not form negative complexes as strongly as W. Within an intermediate concentra-
tion, 107> M to 0.1 M, it will have stronger complex formation that W but weaker than
Mo. In concentrations above 0.1 M HF Sg will have the strongest complex formation.
These complexes are expected to be negative [60]].

3.6.2 The Chemistry of Titanium, Zirconium, Hafnium, and Rutherfordium

The fourth group in the periodic table is represented by titanium (Ti), zirconium (Zr),
hafnium (Hf) and rutherfordium (Rf). The most common oxidation state for these ele-
ments is the IV state. For titanium also II and III are important. The lower lying states
are less and less dominant as the metals become heavier [63]].

In solutions with HF concentration of 0.2 M. Hf will sorb to anionic resins [[60].

Rf will adsorb to cation exchangers with concentrations of at least 0.1 M HC1 and HF
concentrations lower than 103 M. Within these concentrations Mo and W are poorly
adsorbed to the resin. These should be hexavalent under these conditions, so the be-
haviour is expected to be different from the tetravalent species [[67]].

In 6 M nitric acid Rf forms positive nitrate complexes. The suggested species are
Rf(NO3)2" or RFO(NO3)*. These species can then be extracted with dibutyl-phosphoric
acid (HDBP) in toluene. The suggested type of complex extracted is some kind of
nitrate-dibutyl-phosphate complex [51].
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Fig. 3.8: Formation of different complexes of the heavier group 4 elements as a function of free
fluoride in 4 M HCIQy, stability constants from [69]].

In the concentration 5 - 10™*M<[HF]<0.013 M with 0.010 M>[NO;]<0.015 Rf
forms negative anions. Concentration of the compound is here symbolised with brack-
ets. The most dominant form is most likely (RfFg)*~ [56].

With free F~ concentration up to 10~3 M, Rf will sorb to a cation exchanger resin
(50,56, 67].

Hf will strongly bind to oxalic acid forming a negatively charged complex. Thereby
making it easily extracted by TOA [68]. If Mo or W behave in a different way this could
be used to separate them.

In Fig [3.8] the speciation of the heavier group 4 elements are given in bulk scale.
Since polyspecies is not predominant as for group VI, the data also serve as a guide for
tracer scale experiments [69]. These suggest that if the group four elements are to be
kept negative the F~ concentration should be kept above 0.01 M ine.g. 4 M HCIO,.



4. INSTRUMENTATION

4.1 The OCL Cyclotron

The OCL cyclotron is a scanditronic M35 cyclotron. It can utilize several different
beams as specified in Table [4.1]

4.1.1 OCL Target Chamber

For a schematic drawing of the target chamber at the OCL lab see Fig[d.1] The ion beam
enters the target assembly from the left side of the figure. Here it passes a collimator
which removes stray beam which otherwise would hit the target mounting the beam.
After the collimator there is a scintillation screen which is viewed with a camera, it is
pneumatically opperated to enable it to be removed in and out of the beam path. This
gives the option to see how the beam strikes the target in real time. The beam then
passes through the window, strikes the target, passes through the exit window and is
deposited on the beam dump which also serves as a faraday cup.

All experiments in Norway, used a beam of 30 MeV “He?" with an intensity from
300 to 400 nA. Several different targets were used in this set-up. The most frequently
used target was a 0.025 cm thick natural Zr target the reaction °Zr(a,n)**™Mo half-life
of 6.9 h [1].

To create *9Zr and **™Mo at the same time, a mixed target was used. This consisted
of three metal foils. One large sheet of Zr with 0.025 cm thickness on this there was

Tab. 4.1: Available beams for the MC-35 Scanditronix cyclotron at OCI .

Particle Type Energy (MeVﬂ Beam Intensity (uA)

Proton 2-35 100
Deuterium 4-18 100
SH)| 6-47 50
‘He 8-35 50

¢ This energies are the specification from the producer.
b For economic reasons, this beam is currently not available.
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Fig. 4.1: Schematic of the target chamber at OCI.

Fig. 4.2: The Sr in the SrO had a natural isotopic distribution.

glued two plates made of SrO deposited on Be backing. The diameter of the two sheets
of SrO was 8 mm and the distance between their centres is 18 mm, as seen in Fig @
The reason for this somewhat unorthodox target assembly was that the 8§ mm SrO targets
was available from an old experiment.

The gas transport system in Fig[4.3] In this setup the valves used were controlled by
the computer. When the He gas comes to the valves it can be sent to the bypass which
deposits the KCl in a filter and the He gas is sent outh trough the fume hood. From this
valve it can be sent to Direct Catch (DC). Here the aerosols are deposited on a filter
which is possible to remove. The final tube sends the He gas into the chemical set-up.
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Fig. 4.3: A schematic drawing of a gas-jet system. This shows the gas path from the flask bank
and trough all stations until it is sent to bypass laboratory or to DC.

4.2 The Tokai Tandem Accelerator

The Tokai tandem accelerator can accelerate ions from hydrogen to uranium. In this
thesis a "Li*> beam was used. The intensity of the beam at the initial targets was 1 yA
and the energy was 62 MeV. A sketch of a tandem accelerator can be seen in Fig[3.5]

4.2.1 Tokai Target Chamber

During the work in this thesis several different targets were used. The same targets were
used for all the experiments they were hold in an assembly, see fig and fig (
see Table 4.3| where the target and beam strength are listed). In table the different
products from Tokai can be seen.

Tab. 4.2: The nuclei formed form the targets in the Tokai target set-up.

target product half-life

89y BmMo  6.9h
89y ImMo  64.6 sec
89y 8Imy 15.7 sec
89y 89mzr 4.2 min
BTy %™Mo 2.5h

The beam from the tandem accelerator passes trough a mylar foil which is cooled
by a He flow. Subsequently it strikes a Lu target, after this it passes trough 2 metallic
Y targets, then it is degraded by a sheet of aluminium whereupon it strikes three new
Y targets until it is finally deposited in the beam stop. The beam stop is cooled water.
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Tab. 4.3: Configuration of the Tokai target ladder for experiments in Japan during spring 2013.
The yttrium targets are metallic while the Lu target is electroplated on a beryllium
backing. Energy degradation was calculated by M. Asai.

Material Thickness  Gap between Particle energy at
(mg/cm?) targets (mm) target (MeV)

Havar 2.11 5 62.0
Foil [70]

Be 1.86 0 61.4
Lu 0.495 15 60.7
Y 11.2 20 60.4
Y 11.2 18 57.4
Al 37.8 0 54.2
Y 11.2 15 38.4
Y 11.2 10 34.1
Y 11.2 N/A 294

For a drawing of the target see Fig[4.4] A picture of the interior of the target chamber is

shown in Fig[d.5] The specific beam energies and the distance between the targets can
be seen in Table

The gas-jet setup in Tokai is similar to the set-up in Oslo. The difference is that
the valves in Tokai are very quickly changed by hand. Additionally because when the
gas-jet is changed to bypass, a helium gas flow will take its place and give the same flow
rate and pressure on the chemical equipment. This means that the set-up is similar to
the set-up that can be seen in Fig [4.3] with the only addition that there is an extra path
going into the lab and keeping the pressure here constant.

4.3 Tokai Cft Fission Source

To enable experiments on tracer scale a spontaneously fissioning (SF) 252Cf source was
used. This nuclide has a half-life of 2.645 y and the SF branch is 3.092% [71]. The
activity of the source used was 1.85 MBq on 1st Jan 2013. The fission products were
transported by a gas-jet. This enabled us to test out the MDG and the SISAK system
with a directly fission fragments. The nuclide used in these experiments was **Mo,
with a half-life of 1 min.
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Fig. 4.4: Sketch of the Tokai target chamber which have the possibility to use several different
materials as targets at the same time.

4.4  Set-up for Liguid-Liquid Extraction on Sg

4.4.1 SISAK Centrifuges

Essential to the SISAK system is the centrifuges which separate the two phases. The
two liquid phases are mixed and then pumped into the centrifuge. Here the difference in
density forces the heavier fluid outwards and the lighter fluid, inwards. The fluids comes
out from two outlets at the top of the SISAK centrifuge. The outlets on the head have
a throttles. When needed this throttle is used to tune the phase to enable an acceptable
phase separation. In Fig[d.6|the SISAK system used in for Rf experiments [51]].

The purity of the phases is detected by phase-purity monitors. They function by
utilising a small LED-diode and a photo transistor. These function by utilising the
refraction index of the fluids in the tubes. A small bubble of an entrainment will make
the refraction index change. This is readily measurable and is continuously monitored.

4.4.2 Mixers

The mixers in the SISAK system are used to ensure that the phases are thoroughly mixed
before they enter the centrifuge. There are several types of mixers used in the SISAK
system. Only the ones that have been used during this thesis will be presented here.
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Fig. 4.5: Picture of the interior of the target chamber used in the Tokai tandem accelerator.
Picture taken by Y. Kitayawa.
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Fig. 4.6: Several SISAK centrifuges coupled in series with different types of mixers used as
well as several phase-purity monitors. Picture taken by J. P. Omtvedt.

Fig. 4.7: A picture of the tube used for the PEEK-wool mixer. The amount of wool used is
shown on the outside of the tube.

The most used type of mixer is a tube filled with PEEK shavings. This mixer type
will be refereed to as PEEK-wool mixer. They consist of a hollow PEEK tube filled
with PEEK shavings. This device gives a very efficient random mixing inside the tube.
The amount of PEEK wool is weighed for each mixer, and the wool is packed into the
mixer in a similar way each time. This is done so that the packing inside the mixer is
uniform and fairly equal each time a mixer is prepared. It is important that there is not
too much PEEK wool packed into the mixer as this can lead to a high back pressure.
For a picture of the PEEK-wool mixer see Fig

Another mixer used is called a ”zic-zac mixer”. In this mixer two inter-crossing
milled tracks, giving a zic-zac pattern, were used to mix the two fluids. The tracks
are connect to two different inlets and would ensure good mixing of the two phases.
However the volume of this mixer is rather high compared to the PEEK mixer. A picture
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Fig. 4.8: A picture of the zic-zac mixer.

of the zic-zac mixer is shown in Fig

4.4.3 Membrane Degasser

The Membrane DeGasser (MDG) was developed as preparation for a Sg-experiment.
The main motivation behind this development was to reduce the amount of liquid needed
to extract the radionuclides from the gas-jet. The MDG is a significant simplification
to the previous method using a centrifuge degasser (CDG). The MDG consists of only
static parts and the membrane inside is changeable if there is some structural damage
on it. The optimum flow rate for the MDG is a factor ten lower than the optimum flow
rate for the CDG. For a sketch of the MDG see Fig[4.9]

The MDG is made up of four parts: The top part, the middle, the membrane and
the bottom part. The top part is coupled to a vacuum pump, this lowers pressure on the
top side of the membrane so that the helium gas will be sucked out. The middle part
is perforated with several holes and acts as a physical support for the membrane. The
membrane separates the aquatic phase and the gas phase and rest upon the support grid
of the middle part. The bottom part has an inlet where the aqueous phase and the gas
phase is lead into the separation chamber. The aquatic phase carrying the aerosols and
the radionuclides then leaves trough the outlet of the bottom part.

For the MDG to work there needs to be a certain pressure difference across the
membrane. However, if the suction at the gas outlet is too high, or if there is to high
liquid flow, the aqueous phase will go through the membrane.

Fluoropore membranes from Millipore with pore sizes of 0.2 ym, 0.45 pm, and 1.0
pm were tested during of this during. The smallest pore sizes were used as this was
found to have the smallest chance of leaking.

The membrane will fail if there is any organic solution coming into contact with
the membrane. This will clog up the pores in the membrane and force the He to pass
through the aquatic outlet.

If the conditions are stable the MDG can run for many hours. Before the membrane
must be changed.
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Fig. 4.9: A sketch of the MDG showing the path of the gas phase and the aqueous phase.

4.4.4  Flow Electrolytic Column

The working electrode is made of a bundle of glass-carbon fibre of 11 pum average
diameter (GC-20, Tokai Carbon co. Itd.) that is packed in a porous Vycor glass tube
(4.8 mm i.d., 7 mm o.d., 30 mm long, Corning co., Itd.). The porous glass tube is
connected to the outlet and the inlet and kept tight with Teflon rings and O-rings on
both sides. The porous glass tube is in a bath of the desired electrolyte. In this bath
there is also lowered a Ag or Pt net bent around the porous glass tube. This net works as
a counter electrode keeping the potential of the solution stable. As reference electrode
an Ag|AgCl reference electrode from Metrohnom was used. The contact between the
working electrode and the potentiostat is a rod made of glassy carbon.

Glassy carbon can also be referred to as “vitreous carbon”. This type of carbon is
hard and solid and it has a black, glassy appearance and fracture in a similar way to
glass. Glassy carbon has low permeability of gas. This is because it contains signifi-
cant amount of closed voids giving it a low density but it does not allow for continuous
gas permeability. The structure of glassy carbon consists of long microfibrils that twist,
bend and interlock and forms strong interfibrillar bonds [[72]. Glassy carbon is desirable
in electro-chemistry because it is highly resistant to chemical attack, electrically con-
ductive, available in high purity, and it has a high potential window [73]. The glassy
carbon rods used were cut to appropriate length and had a diameter of 1.5 mm.

The liquid is pumped into the FEC. Once entering the FEC it comes into contact
with the carbon fibre and efficiently reduce the metal ions.
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Fig. 4.10: A picture of the FEC coupled together with the MDG. In the lower right part of
the picture it is possible to see the tube connecting the FEC to the SISAK mixer and
centrifuge.



5. EXPERIMENTAL PROCEDURES

5.1 MDG Performance

To test the yield of the MDG the gas-jet was directly deposited on a filter. This filter
was then dissolved in the desired amount of liquid. The dissolved filter was measured
with an HPGe (High Purity Germanium Detector) detector. The filter was assumed to
give the maximum yield. Therefore, subsequent samples from the MDG were compared
to this value. With regular intervals a filter was measured to ensure that there was no
change in the yield from the target chamber.

5.2 Test of FEC With Different Flow Rates and Different Amounts of
Packing

The FEC was tested with different amounts of carbon fibre packed inside the porous
glass tube. The carbon fibre was winded around a 6 cm wide cardboard sheet. After a
sufficient amount of carbon fibre was measured out it was packed inside the porous glass
tube. This was done by shaping a paper clip as a hook and using this hook to drag the
carbon fibre into the tube. The parts of the carbon fibre sticking out of the tube were the
cut off and the FEC was assembled. A double plunger HPLC pump was used to pump
the fluid into the FEC. The back pressure was read of the pump and it was measured at
different pump speeds and with different amount of carbon fibre inside the tube.

5.3 Cyclic Voltammetry on W and Mo in Different Aqueous Solutions

The solutions were made by weighing out KsMoO, and Ko WO,. These solutions where
then injected into the FEC using a six-port Rheodyne valve and a two piston HPLC
pump. With each solution change a blank measurement was performed. The blank
measurements were performed using the same solutions but lacking the metal that was
to be reduced. The potentiostat used was a Hokuto Denko potentiometer HSE-100. 4-5
scan cycles were used on the samples and the cycles went from 0.0 Vto 1 Vto-1V vs
a Ag |AgCl electrode in 1 M LiCl solution. The scan rate was 20 mV/s.
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5.4 Aerosol Generation

To carry the activity from the target area, aerosols suspended in a helium gas stream
was used. All aerosols were created by sublimating KCl in a tube oven at 640 °C. The
aerosols were carried in a helium gas stream, which subsequently to leaving the oven
passed through a coil to remove the largest aerosols.

5.5 Batch Experiments

Several different methods were used to perform batch experiments. For the different
results which method used will be indicated.

5.5.1 Experimental Procedure used in Tokai

The activity was deposited on a teflon filter (Naflon), with an area approximately 1.5
cm? it was acquired for 3 min. The gas-jet flow was 1.5 L/min. The filter was then
washed with 100 L of the aqueous solution. The solution was then added to 600
L aquatic solution in a plastic vial. Subsequently, 700 L organic solution was added.
After shaking with a Vortex mixer for 3 sec to 300 sec, the mixed sample was centrifuged
for 30 sec. From both phases, 500 uL were separated into 2 vials. The samples were
then measured by y-spectroscopy with HPGe detector.

In this procedure the HPGe detectors were calibrated by measuring two different
active filters dissolved in equal amount of fluid as used in the experiment.This then gave
rise to a efficiency ratio between the two detectors e:

Csoll
Csol2

5.1)

€ =

Where C,;; and Cy,5 is the number of counts for the dissolved sample. Because of this
formula|3.1]is changed to:

AOT‘g

D —
Agq€

(5.2)
Here Aqq2 and A, are the count rates in each phase.

5.5.2 Experimental Procedure used in Oslo

The activity was deposited on glass fibre filter (a Whatman grade GF/C 5.0 cm lot, no
1822-056). The activity was gently washed off the filter. Then 4 mL of the aqueous
solution was mixed with 4 mL of the organic solution, thoroughly mixed by shaking for
5 min and centrifuged at 2000 RPM for 2 min. After this the organic and the aqueous
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Fig. 5.1: Flow chart of the procedure for batch experiments performed with the FEC.

phase were sampled with an automatic pipette. 3 mL of the least dense phase was first
extracted then the last mL was discarded, together with the pipette used. Subsequently 1
mL of the top layer was withdrawn and discarded, together with the pipette used. Then
the remaining 3 mL aqueous phase was extracted.

In this procedure only one detector was used therefore no efficiency calibration was
needed.

5.5.3 Reduction and Subsequent Extraction Using FEC in Tokai

This was performed in the same way as the procedure described in chapter
tmental Procedure used 1n Tokail The only difference was that before the aqueous phase
was mixed with the organic phase, for extraction, it was passed through the FEC. The
potential of the FEC was changed when needed. For a flow chart of this procedure see

Fig

5.5.4 Reduction and Extraction Using FEC in OCL

The activity was deposited on glass fibre filter (a Whatman grade GF/C 5.0 cm lot,
no 1822-056) . This glass filter was then inserted into a reagent tube where it was
gently washed so that as little as possible of the glass fibre would be dissolved in the
solution. This solution was then diluted and fed into the FEC using a cogwheel pump
(Micropump). The solution in this experiment was pumped in a circuit: The outlet of
the FEC was feed back into the flask holding the solution to be pumped into the FEC.
4 mL samples were collected from the outlet of the FEC and mixed with 4 mL organic
solution. This was then shaken for 5 min by a vortex shaker and then subsequently
centrifuged at 3 kRPM for 2 minutes. The LLE was performed as described in chapter
[5.5.2] [Experimental Procedure used in Oslol For a diagram of the experiment see Fig

5.2
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Pump FEC
0.2 mL/s 11004V

Collection
20's

Reservoir
20-40 mL

Fig. 5.2: Schematic drawing of reduction experiments done in OCL. The inlet to the pump was
placed in the bottom of the reservoir, collection of samples were always done at the
outlet of the FEC.

5.6 On-Line Experiments with SISAK

The gas-jet was connected to the MDG with a flow varying from 1.3 to 1.6 L/min in
Japan and 1.8 L/min in Norway. The aqueous phase was pumped into the MDG with
speeds varying from 0.1 mL/s to 0.4 mL/s. The organic and aqueous phase was then
connected by a Y-connector before they either were sent into a mixer or connected di-
rectly to the SISAK-centrifuge. Two phase purity meters were connected to the outlets.

To test reduction and extraction together the set up was the same as a normal extrac-
tion experiment with SISAK, except that the FEC was connected after the MDG and
before the SISAK centrifuge.

5.6.1 D-ratios for Online Experiments

Deciding the D-ratios of the SISAK experiments were done in two different ways. In
data from experiments performed in Tokai the calculations were done as described in
chapter[5.5.1] [Experimental Procedure used in Tokail

However in Oslo the process was slightly different. In Oslo two different detectors
but these have different amount of shielding and geometry. These detectors will be
called detector 1 and detector 2. The efficiency difference between these two detectors
were not measured. Instead, a sample was collected and the aqueous phase was counted
by detector 1 and the organic phase was counted by detector 2. When the next sample
was collected the organic phase was counted by detector 1 while the organic phase was
counted by detector 2. Therefore the following can be derived [74]:

C=el,A (5.3)

Here C' is the count rate, € is the efficiency of the detector, I, is the intensity of the
incident y-ray and A is the activity of the sample. Formula [3.1] shows how we calculate
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the D-ratio. Using formula[5.3]to calculate the D-ratio the result is:

61]'71407’91

D= (5.4)

GQIVAA(]Q
Here ¢, is the efficiency of detector 1 and ¢, is the efficiency of detector 2. A,y is
the activity of the organic phase while A4, is the activity of the aquatic phase. The
intensity of the ~y particles cancels each other. Combining this with formula[5.4] where
the organic solution has been measured in detector 2 and aqueous has been detected in
detector 1 we get:

DQ _ EIAOrg1€2A0r92 (5 5)
€1AAq1€2AAq2 .

From formula [5.5] € cancel out and the D-ratios can be presented as:

Aorg1 Aorg2
D= | Lol lore 5.6
AAqlAAQZ ( )

This procedure for calculating the D-ratios is often used in Oslo it has been described
in several Masters thesis’s from Oslo e.g. [74]]

5.6.2 Estimation of Transfer Time in SISAK mixers

The transfer time At in SISAK wool mixer and in the zic zac mixer was estimated by
the formula:

At = I (5.7)

Where V is the volume of the mixer and F is the flow rate in mL/s.

5.7 Titration of Solutions

TOA is an anion extractant. To examine if it would extract the equivalent base of the
acids used, extraction experiments with subsequent titrations were performed. The ex-
tractions where performed as described in chapter[5.5.2] [Experimental Procedure used in|
[Oslo|but without any activity. The extracted solutions were then titrated with a Metrohm
877-titrion plus. The base used was 0.1 M NaOH. The change in acid concentration will
be expressed as:

E
~.100=1L .
00 (5.8)

Where F is the titration endpoint after mixing with TOA and A is the titration endpoint
before mixing with TOA, L then represent the % acid left in the solution.
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6. EXPERIMENTS AND RESULTS

6.1 Results from MDG Experiments

A certain pressure difference across the membrane is needed to achieve gas/liquid sep-
aration. This became relevant when a mixer was put in front of the MDG: This led to
a pressure drop and separation between gas and aqueous phase became impossible. In
addition the liquid flow quickly started fluctuating making it impossible to separate the
organic and the aqueous phase. Thus, these experiments were performed without mixer
in front of the MDG. However the yield of the MDG still exceeded 70% without mix-
ers. The MDG seemed to work best when the flow rate was around 0.2 mL/s. For lower
flow rates it was difficult to achieve phase separation with the SISAK mixer. A more
thorough analysis is given in [[19].

6.2 Results from Tests of FEC With Difterent Flow Rates and
Different Amounts of Packing

There is a limit to how much pressure difference the target chamber can handle. The
pressure in the target chamber in Tokai should not exceed 1.5 bars. Therefore the back
pressure from the FEC was measured using several different measurements of carbon
fibre. The surface area and numbers of carbon fibre was calculated from [28]]. The
amount of carbon fibre previously used in reduction experiments with this cell was
1.4-10°. This generated a too high back pressure and a suitable amount of fibre was
found to be 0.9-10° carbon fibres. In Table how the back pressure is affected by
carbon fibre amount and flow rate is shown.

6.3 Results from Cyclic-Voltammetry on W and Mo in Ditferent
Aqueous Solutions

In total six different solutions were made with a volume of 50 mL. The solutions were:

1. 0.01 M Mo in a solution of 10~ HCI, 10~* M HF, and 1 M LiCl (Fig[6.14]).
2. 0.01 M Mo in a solution of 0.1 M HCI, 1074 M HF, and 0.1 M LiCl (Fig ).
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Tab. 6.1: Testing FEC back pressure under different conditions.

Surface (cm?) sum of carbon fibre Flow Pressure (MPa)

1500 1.4-10° 04 07
1500 1.4-10° 0.3 0.4
1500 1.4-10° 02 02
1333 1.2:10° 04 0.1
1333 1.2:10° 02 0.1
1167 1.1-10° 04 00
750 0.7-10° 04 00
500 0.5-10° 04 00

3. 0.01 M Mo in a solution of 0.1 M HCI and 0.9 M LiCl (Fig[6.1c]).

4. 0.01 M W in a solution of 10~2 HCI, 10~* M HF, and 1 M LiCl (Fig ).

5. 0.01 M W in a solution of 0.1 M HCI, 10~* M HF, and 0.1 M LiCl (Fig ).
6. 0.0l M W in a solution of 0.1 M HCI and 0.9 M LiCl (Fig[6.2c}).

Before reduction with trace amounts was started, cyclic voltammetery measure-
ments with macro amounts. This was done to check if there was an observable reduction
taking place. For all experiments performed with 0.1 M HCI there is clearly a reactions
occurring. On the cathodic sweep there are several peaks showing change in the current
as can be seen in Figs[6.1c| [6.1b] [6.2b] and [6.2c However with the low acid concentra-
tion there does not seem to be a reaction, neither for tungsten nor molybdenum, as can

be seen in Figs and Fig

6.4 On-Line Experiments with SISAK

These experiments was performed as described in[5.6] The SISAK system is essential
to future experiments with Sg, thus it is very important that the FEC and SISAK can be
used together.

For these tests a 0.1 M HCI + 0.9 M LiCl solution was tested together with HT
to see if it was possible to achieve separation of Mo(VI) and W(VI) with Mo(IV) and
W(IV). In Fig [6.3] D-ratio as a function of the potential is shown. This shows that the
is it possible to use the SISAK and FEC together and achieve a different D ratio as a
function of the voltage.

The kinetics of HT was tested with PEEK wool mixer at different length. The results
can be seen in Table Due to the limitations on back pressure in the Tokai target
chamber it was not possible to use more PEEK wool or longer mixers.

Back pressure with the SISAK system together with the MDG was tested with dif-
ferent amount of PEEK wool in the mixers. These tests were performed using the 252Cf
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Fig. 6.1: Cyclic voltammetry on Molybdenum in different aqueous solutions
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Fig. 6.2: Cyclic voltammetry on Wolfram in different aqueous solutions
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Tab. 6.2: Different lengths of mixer filled with different amount of PEEK wool. The D-ratio
presented and the aqueous solution used was 0.1 M HCl with 0.9 M LiCl. The concen-
tration of the extractant was 10~ M HT in toluene. A simple "plug flow” was assumed
for the At calculations.

Length Wool Weight (cm/mg) D-ratio **Mo  Back Pressure (bar) At (0.2 mL/s)

2/152 0.540.1 1.36 0.3
4/113 0.6440.07 1.34 1

4/190 0.7£0.1 1.35 0.8
4/288 0.7£0.2 1.56 0.6
4/0 0.63+0.03 1.3 1.3
2/0 0.34+0.1 1.3 0.6
5.2/325 1.240.1 1.4 0.3
Zic Zac mixer 0.8+0.1 1.3 1.3

fission source. Results from this can be seen in Table[6.2] This shows the D-ratio, back
pressure and an estimated residence time for the different mixers.
6.5 Batch Experiments Results

The following experiments were performed with the methods described in chapter [5.5]
IBatch Experiments| All lines in graphs are to guide the eye.

6.5.1 Extraction and Reduction Using Hinokitiol (HT)

For these experiments the method described in chapter [5.5.3|[Reduction and Subsequent]
IExtraction Using FEC 1n Tokai| was used. The following experiments were performed
with the hypothesis put forth in chapter [3.5.1|[The Oxidized Specie is a Cation|

The D-ratio of Mo and W was tested as a function of voltage. These experiments
showed that HT does manage to separate between the reduced and the oxidized species.
However, there is a large difference in the D-ratio between W and Mo. In addition the
difference in the D-ratio for W is so small that any difference between negative potential
and high potential could be due to uncertainty (see Fig[6.4). The aqueous solution in
this experiment was 0.1 M HC1 + 0.9 LiCl.

In Fig[6.5]a minute amount of HF was added to the solution to see if this helped the
separation factor. The aqueous solution used in the graph on the right was 0.1 M HCI +
0.01 M HF + 0.9 M LiCl. The aqueous solution used for the graph on the left was 0.1 M
HCI + 1073 M HF + 0.9 M LiCl There seems to be a slightly larger difference between
the negative and the positive potential for W.
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Fig. 6.3: Reduction of tracer amount of Mo. This experiment was done on-line using SISAK.
The flow rates of both phases were 0.2 mL/s. The mixer used was 4 cm long filled with
190 mg of PEEK wool. The concentration of HT was 0.01 M in toluene.

In an effort to purify the solution before reduction, an additional FEC set to a con-
stant voltage of -0.8 V was used to pre-treat. The acid solution before dissolved the
gas-jet carried activity. The intention was to remove oxygen and any other impurities in
the solution. Results can be seen in the right graph in Fig Comparing this to the left
graph in Fig[6.4] or Fig [6.3] there is an intriguing dip at a -0.2 V that does not occur in
the other experiments. However there are too few experimental points to say anything
conclusive.

The data presented in Fig [6.6] were obtained under conditions were the oxidized
species should be a anion and the reduced species should be a cation. Using 10~* M HCI
+ 1 M LiCl a small difference in D-ratio was obtained. However this was in opposition
to the hypothesis put forth in[3.5.2] This can be explained by the high chloride content
in the solution. Which will form more easily form negative complexes.

6.5.2 Extraction of Zr and Mo Using HDEHP and TOA

The experiments in Fig and [6.8] was performed by the method described in
chapter [5.5.2] Experimental Procedure used in Oslo] Using an aerosols gas-jet with a
flow rate of 1.8 L/min.

Using the aqueous solution 0.1 M H,SO,4 + 0.01 M HF gives a high separation factor
with the extractant TOA, however there is still more than 50% of Zr extracted as can
be seen in the left graph of Fig The right graph of Fig shows how Zr and Mo
is extracted by HDEHP. The two elements seem to have a similar D-ratio. There is a
change when the concentration of HDEHP in toluene is 0.5 M where the D-ratio of Mo
increases while Zr D-ratio drop.
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Fig. 6.4: Reduction of Mo and W in aqueous solution of 0.1 M HCI + 0.9 M LiCl, extracted
using 104 M hiokitiol in toluene. Graph to the left only uses the FEC to reduce, while
to the right uses an additional FEC to purify the solution prior to reduction.
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Fig. 6.5: Reduction with different concentrations of HF solution. To the right an aqueous solu-
tion of 0.1 M HCI + 0.9 M LiCl + 103 M HF, extracted with 10~ M HT in toluene.
To the left 0.1 M HCI + 0.9 M LiCl + 0.01 M HF, extracted with 0.01 M HT in toluene.
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Fig. 6.6: Reduction in an aqueous solution of 10~* M HCI + 1 M LiCl, extracted with 1074 M
HT in toluene.
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Fig. 6.7: Extraction of Zr and Mo in 0.1 M H2SO,4 + 0.01 M HF. In the left graph different
concentrations of TOA was used as an extractant. In the right graph different concen-
trations of HDEHP was used as an extractant.



6.5. Batch Experiments Results 45

0.1 M HCIO,
T T . T T
100 £ i 4100
10 & i F 1 410
S 1F A {1 2
v s
£ ooaf Jor &
0.01F 40.01
1E-3 | {1E-3
1E-4 Lol ' 1E-4
0.01 0.1 0.01 0.1
HDEHP (M) TOA (M)

Fig. 6.8: Left graph show extraction of Zr and Mo from 0.1 M HCIO4 with different concen-
tration of HDEHP in toluene. Right graph shows extractions of Zr and Mo from 0.1 M
HC104 with different concentrations of TOA.

To check how a weaker adduct forming acid would make the Zr and Mo react some
tests were run with this acid as well see Fig[6.8] for extractions in 0.1 M HCIO4 with
different concentrations of HDEHP and TOA in toluene.

How 0.01 M HF concentrations would affect the extractions of Zr and Mo was also
tested in 0.1 M HC1Oy,.

HDEHP was tested as an extractant for the reduced form of Mo. This experiment
was performed as described in chapter [5.5.4], [Reduction and Extraction Using FEC in|
[OCL] Fig6.10]| show the results. The aquatic solution was 0.1 M H,SO, + 0.01 M HE.
The organic was 0.1 M HDEHP in toluene. From this it becomes clear that HDEHP
manages to separate between two oxidation states. However, the distribution of the D-
ratio at the negative potential is rather wide. Therefore, the solution was sent several
times through the FEC, at a potential of -0.8 V, and after each pass a small amount was
sampled. This was done to see if the D-ratio was affected by the contact time with the
working electrode. The results from these extractions can be seen in the left graph of
Fig The stability of the reduced species was tested by leaving a sample alone on
the laboratory bench for up to 4 hours. The solution was sampled at increasing intervals
to see if there was a change in the D-ratio. The results from these experiments can be
found in the right graph of Fig[6.11]
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Fig. 6.9: Left graph show extraction of Zr and Mo from 0.1 M HCIO4 + 0.01 M HF with

different concentration of HDEHP in toluene. Right graph shows extractions of Zr and
Mo from 0.1 M HC1O4 +0.01 M HF with different concentrations of TOA.
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Fig. 6.10: Reduction of Mo when the solution is pumped in a loop.
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Fig. 6.11: The left graph shows reduction of Mo at room temperature with 0.2 mL/s flow, and an
aqueous solution of 0.1 M HySO4 + 0.01 M HF. The reduction is shown as a function
of number of times the solution was passed trough the FEC. The first point for the
graph on the right is the last point for the graph on the left. The right graph shows
how the D-ratio changes as a function of time, when the solution is in contact with air.

6.6 Data Received from Collaborators in Japan

Several experiments where performed in Japan were Oslo participated in planning the
experiments. The results from these experiments will be presented here. These ex-
periments were performed as described in chapter [5.5.1|[Experimental Procedure used|
Uncertainty in the data was estimated as outlined in chapter

The aqueous solution 0.1 M H,SO4 + 0.1 M HF extracted by varying HDEHP con-
centrations in Fig[6.13]

In systems dominated by sulphuric acid the D-ratio of W seems to change in oppo-
sition to the D-ratio of Mo as a function of voltage, see Fig[6.12]

Extraction and reduction of Mo and W in 0.1 M HCIO, and the concentration of
extraction agent TOA was 0.5 M (see Fig[6.15).

Several experiments were performed to check if there was a difference in reduction
as a function of H,SO, concentration. In Fig[6.16|and Fig[6.17]the HC1O, concentration
was kept constant while H,SO, was tested with different concentrations.

Reducing W and Mo in 0.1 M HsSO4 + 0.1 M HCIO, and extracting with 0.2 M
TOA in toluene seems to have a high difference in the D-ratio for Mo but not for W,
as can be seen in Fig Due to the high separation managed with the 0.1 M H,SO,
+ 0.1 M HCIOy solution it was tested if the separation would increase at higher TOA
concentrations. In Fig[6.18]the results from this shown.
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Fig. 6.12: Reduction of W and Mo in H3SO, solutions extracted with 0.1 M TOA in toluene.
Left graph has an aqueous solution of 0.1 M H2SO,4 +0.01 M HF while the right graph
has an aqueous solution of 0.1 M H2SOy4. 1 mL/min flow rate was used.
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Fig. 6.13: Extraction of Mo and W isotopes from different HySO,4 solutions. With varying
concentration of HDEHP in the right graph and varying concentrations of TOA in the
left graph.
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Fig. 6.14: extraction of Mo and W in different HC1O, solutions extracted with different HDEHP
concentrations on the graph to the right and to the left different concentrations of TOA.
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Fig. 6.15: Reduction of Mo and W in 0.1 M HCIO,. Extractant used 0.5 M TOA.
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Fig. 6.17: Reduction of W and Mo in 0.1 M H2SO4 + 0.1 M HCIO4 extracted with 0.2 M TOA.
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Fig. 6.18: D-ratio of of Mo to the left and W to the right at different potential shown as a
function of TOA concentration. The aqueous solution used was 0.1 M HoSO4 + 0.1

M HCIOy.

6.7 Results from Titration of Solutions

0.1 M concentraions of HC10, and H,SO,4 was extracted with 0.1 M TOA. The organic
and the aquatic phase was seperated and the aquatic phase was measured with 0.1 M
NaOH solution. Using formula [5.8] the remaining quantity of H,SO4 was measured to
be 0.46 M + 0.04. of the starting concentration the remaining quantity of the HC1O,
was measured to be 0.01 M + 0.03.
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7. DISCUSSION AND CONCLUSIONS

The work presented in this thesis is part of a large and ambitious project to measure re-
duction potentials for element 106, seaborgium. The project is a collaboration between
the Super-Heavy Element research groups in Oslo and Tokai (headed by Prof. Omtvedt
and Dr. Schidel, respectively). The thesis work and the overall project started simulta-
neously, which have provided the opportunity to be 100% involved right from the start
and participate in all discussions and developments. However, it also implies that the
foundation for this thesis work was rather thin. As a result, many experiments were per-
formed which provided fundamental and important insight into equipment and chem-
istry limitations. However it did not necessarily yield directly applicable results for the
construct of the final apparatus and chemical system reduction studies on seaborgium.
On the contrary, as the work progressed it has become clear how challenging the task
really is.

An example of this is that quite recent experiments in Tokai (March 2014) pointed
out that there is a problem with retention of reduced Mo (and possibly W, but no direct
experimental evidence on this is currently available) inside the FEC. After lengthy dis-
cussions and considerations, Prof. Kratz (Mains Univ.) suggested that retention was due
to the underpotential effect. This is an effect where the metal is reduced to the elemen-
tal state at a more positive potential than calculated: This is because the binding energy
between the elemental metal and the working electrode is high enough to overcome the
barrier for reduction to the elemental state [75]. As a consequence, this put in question
the interpretations of some of the results obtained in this thesis work. Further experi-
ments is needed to clarify the correct interpretation, but with the limited time-scope of
a MSc thesis (and availability of beam-time), it is not possible to perform these experi-
ments before the thesis is handed in. This is just one illustration of the complexity of the
undertaken project. In fact, in a recent meeting in Tokai (26th - 27th March 2014), the
project leaders decided to redefine the project from the original 3-5 year project (ending
with conclusive seaborgium experiments in 2014/2015) to a be an initial study of the
applicability of reduction-extraction method (FEC coupled with SISAK) to studies of
super-heavy elements. After 1-2 years further work the status will again be reviewed
and a decision made whether or not to proceed with a Sg experiment.
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7.1 Discussion

All experiments performed have been performed at room temperature. This is because
the final extraction scheme has yet to be decided. Therefore the focus have been to find a
suitable extraction scheme. Heating the solution would force equilibrium to be reached
faster and recent results from the reduction experiments shows that this is needed.

7.2 Uncertainty Estimations

Due to the exploratory nature of this thesis there was not enough time to do enough mea-
surements. Therefore estimates were made for extractions of Mo and W in Tokai and
for extractions of Mo in Norway. The counting uncertainty for experiments performed
in Norway was so high that they probably exceed the variance of repeated experiments.

For experiments where several parallels were performed the standard deviation was
calculated as:

(7.1)

Here s is the standard deviation, z; is an individual measurement, Z is the mean value
of the measurement, n is the number of individual measurements performed [[76]. How-
ever, the experiments performed in this thesis have been of an exploratory nature and
there were restrictions in available beam. Therefore, experiments following the method
described in chapter [5.5.1] [Experimental Procedure used in Tokailan approximate devi-
ation, from a “’true” value, were estimated. This approximation was done by performing
a secondary polynomial fit on the measurement points from the graph on the right in Fig
[6.4] This line was then set as a true value. From this the percent deviation from this line
was calculated:

T Tline 100 = %deviation (7.2)
Lline

Here z; is a measurement point and zy;,. is the corresponding point on the line. The
spread in the data was then determined using a gaussian fit. In Fig|7.1|for the Mo points
from the graph on the left in Fig[6.4] The ”standard deviation” deduced by this method
was then used as deviation for other experiments performed with the same procedure
and equipment. The same was done for the W measurements except this time he “true”
values were estimated by a linear fit. The sigma value of 27% was rounded up to 30
due to its large uncertainty. This method is not perfect but it should suffice to give an
indication off the distribution of the measurements.

For experiments using the procedure explained in chapter[5.5.2[Experimental Proce-|
[dure used in Oslo|and [5.5.3|Reduction and Subsequent Extraction Using FEC in Tokail
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uncertainty was estimated using measurement points from the graph on the right in Fig
[6.11] This gave a relative uncertainty of 10%. For Zr the counting uncertainty was so
high that this alone dominated the measurement uncertainty.

7.2.1 Separation Schemes

A future Sg experiment must manage to separate between the two oxidation states. This
imply that the D-ratios must be such that separation is achieved. Say that the system
have a D-ratio of the oxidized specie in excess of 10 and a D-ratio for the reduced
species less than 0.01. Using formula [3.2] this means that the oxidized species have
more than 90% chance of being detected in the organic solution and the reduced species
has more than 90% chance of staying in the aqueous phase. However if one of the
species have a D-ratio of around 1 there is a 50% chance for it to be in the “wrong”
phase. This problem can be seen in the HT experiments (Fig [6.4] [6.3] [6.6]): The D-
ratios are different enough to enable measurable separation between reduced and the
oxidized species for Mo available in a large number of atoms, but since the D-ratio for
the reduced species is around 1 this chemistry will never work out for a Sg experiment
with only 10-20 atoms detected. In addition they show a too large difference between
the extraction of W and Mo which indicates that Sg might extract differently than either.
This makes it hard to predict the suitability of such a system for an Sg-experiment.

The reduction experiment with HDEHP manages a higher degree of separation, as
seen Fig[6.10] However, as can be seen from the right graph in Fig[6.7] this extraction
scheme is not suitable as it has a large difference between the D-ratio of Mo and W.
There is a large difference in D-ratio between reduced Mo and experiments where Zr
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has been used as an model for reduced Mo (Fig and Fig[6.9]). This indicates that
Zr is not suitable as a model for reduced Mo. However the count rate for Zr was low
and the uncertainty in these measurements are large. There are some explanations for
this: It is possible that species in tracer scale are not reduced to the tetravalent state,
meaning that the group four elements are not a good model. The group four elements
do not work as a model for the reduced species of Mo. Or the counting statistics for Zr
produced is too low.

However when there is a change as a function of voltage this does not mean that the
reduced species behave in any way similar. In solutions dominated by H,SO, Mo and
W seems to exhibit opposite behaviour. Here less Mo gets extracted as a function of
potential while more W gets extracted as a function of potential. This behaviour can be
seen inn Fig

Mo and W seems to behave more similar when 0.1 M HCIOy is used see Fig[6.13]
Here both elements have a similar D-ratio in oxidized and reduced state. This holds
true when the extracting agent is TOA however when HDEHP is used the difference
increases above one order of magnitude (see Fig[6.13]). This is also the only experiment
where W’s D-ratio drops as a function of potential. However, the change in the D-ratio
is too small to be used, it is also unclear why W behave as it does at the high potential.
However, using a mixture of 0.1 M HCIO, and H,SO, gave the biggest difference in
D-ratio for oxidized and reduced Mo (Fig , but this does not mean that the fraction
extracted changes enough, as seen in Fig When similar types of experiments are
tried with HDEHPs, W does not get extracted. A likely explanation for this is that TOA
extracts the acid as well as the metal ions (see chapter [0.7|[Results from Titration of|
and other sources [77, [78]].). This significantly lower the acid concentration
and hence the extraction conditions. This do not happen with HDEHP. In addition with
sulphuric acid it can form several species where (TOA)H>SO, and (TOA)>,H,SO, are
the most dominant 79, 80]]. This could explain why the change in acid concentration is
much less for H,SO, than for HC1O,4. Since two TOA molecules are needed to extract
one H>,SO,. However, the formation between TOA and HC1O, was not found.

7.2.2 Equipment

That the MDG can provide the same yield with significantly lower aqueous flow-rate
compared to the standard SISAK centrifuge degasser (CDG) has the beneficial effect
that correspondingly less waste will be produced from an experiment. However the real
breakthrough is that the SISAK system can be run with much lower flow rates. Because
the gas-liquid transfer always has been the limiting factor [81]. However a drop in the
flow rate will increase the travel time correspondingly. This can become a problem for
Sg experiment since Sg have a short half-life and therefore a large fraction will decay
before it enters the detection cells. However, with the gas-liquid transfer now solved,
the rest of the system can be adapted to lower flow-rates with e.g. smaller diameter
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Fig. 7.2: The extraction expressed as fraction extracted instead of D-ratio. The D-ratios drop
severely but still 40% of the reduced species is in the organic phase, data from Fig
.Lines to guide the eye.

tubing and entry/exit channels. Even the inner part of the centrifuge, currently with four
separation chambers, can easily be made much faster for lower flow-rates by removing
e.g. two chambers. Certainly, a lower flow-rate is much more compatible with the FEC,
which originally was designed for much lower flow rates (mL/min range, not mL/sec.).
That it is possible to couple the FEC, the MDG and the SISAK was clearly demon-
strated during the work described in this thesis. Furthermore, it was clearly demon-
strated that a difference in the D-ratio of Mo as a function of potential can be measured.
However, as can be seen in Fig[6.3] the difference is not as large as for the experiments
performed in batch mode. That said, it should be remembered that currently the projects
efforts is directed at investigating the behaviour of the FEC and this is best done with
batch extractions. Running the full SISAK system complicates such explorative exper-
iments without providing any gain. When more effort is put into tuning the conditions
for on-line extractions it is most likely that significant improvements will be achieved.

7.2.3 Reduction

When using a 0.2 mL/s flow rate there seemed to be a high uncertainty in the D-ratio
when the potential was below -0.6 V, see Fig[6.10] The suggested explanation was that
the kinetics was not completely under control. Therefore, the kinetics was tested by
sending a solution several times through the FEC at 0.2 mL/s flow rate at -0.8 V. In the
graph on the left in Fig the change as function of times passed through the FEC can
be seen. This clearly shows that there is a clear kinetic effect, since the D-ratio drops
(i.e. a higher degree of reduction is achieved) as a function of times run through the
FEC.
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The points are gathered from Fig and Fig

Due to a pump malfunction and no more available beam time, this experiment could
not repeated and extended until there was no change in the D-ratio. The true rate of
reduction could therefore not be calculated.

While the broken cogwheel in the pump was exchanged the remaining solution was
left in contact with air. This was done to check if the Mo would oxidise in contact with
air. As can be seen on the graph on the right in Fig the complex is stable for at a
minimum 4 h.

An even stronger indicator for determining reduction is to see the extraction trend
as function of e.g. acid concentration changes. In the left graph in Fig the only
difference between extraction curves obtained as function of H,SO, concentration is
that in one case (black squares) a none-reducing potential was used and for the other case
(red circles) a reducing potential was applied. Clearly, there is a striking difference. This
shows that the potential applied to the FEC has reduced Mo. However, same conditions
and the potential has no effect on W, see the right graph in Fig

Comparing the data for extraction at 0.2 M TOA concentration with extraction at 0.1
M TOA concentration but otherwise the same concentration the difference is staggering.
In Fig[7.4]extraction with 0.1 M TOA has been performed.

The same trend was also tested with HDEHP to see if the reduced species would
exhibit a similar behaviour with this extraction agent. Comparing the results with TOA
with the results from HDEHP ( Fig[7.5]) the reduction of Mo and the separation of the
oxidation states are clear. However, contrary to the TOA case the difference between
reduction/no reduction do not increase as the H,SO,4 concentration increases. Again, no
difference is observed for W.
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Comparing the 1 mL/min flow rate used in the batch experiments with the 0.2 mL/s
when using the SISAK equipment or testing the kinetic in Oslo is interesting. The
volume of the vycor glass tube is 500 pL. when it is filled with the normal amount of
carbon fibre, abut 54 cm, the volume inside the vycor glass tube is estimated to be
250 pL.. When using a 1 ml/min flow rate the hold up time was measured to be 15 s.
Assuming that there is plug flow and that the hold up time scales linearly with the flow
rate the hold up time when using 0.2 mL/s flow rate is 1.3 s. In the kinetic experiments
slightly less carbon fibre was used giving a residence time of 1.7 s. In Fig [6.10] the
residence time is too low and the distribution of the D-ratio becomes high. Therefore
the left graph in Fig [6.11] was performed to see how the residence time affected the
reduction. This shows that there is a clear drop in the D ratio by each pass through the
FEC.

From recent data measured by A. Toyoshima et al. [82] it became clear that Mo was
retained in the working electrode in different amount depending on what kind of aquatic
solution was used. In acid concentrations of 1073-0.1 HF + 0.1 M HClO, and 0.01-0.1
M H5SO, + 0.1 M HCIOy the yield at -0.8 dropped to 20% compared to the yield at 0.4
V.In 0.1 M HCIO, it dropped to 10%, while in solutions 0.1 M H,SO, and H,SO4 + 0.1
M HF it dropped to only 60% of the yield with 0.4 V. Therefore, it is also unclear if the
data measured in the present work has similar effects. Of course, if e.g. W when reduced
sticks to the electrode, then the measured D-ratio will not change because only none-
reduced species are present in the solution, even if a significant amount of reduction has
taken place. This clearly needs to be investigated further.

In [[77]] an experiment was performed were trace amount of W was left in contact
with 107* Ce(SO,), in a solution of 0.01 M H,SO,. Left in this solution for around
2 hours the D-ratio of W will change from around 1.8 to around 0.3. This could be
because W is oxidized or it could be because it is hydrolysed over the long time period.
Also some solutions containing different concentrations of sulphuric acid and different
concentrations of HoO,. A This was done to see if it was possible to use this to determine
the oxidation state of W. However with bot the aspect of time and the fact that H,O, can
work as a ligand, it is unclear what is the cause of change in extraction.

7.2.4 Extraction Schemes

Acid concentrations from 0.1 to 0.2 M was used for most experiments. This was done
to be able to differentiate between the hexavalent oxidation species and the tetravalent
oxidation species as shown in Fig In addition if the concentration of [H*] exceeds
much above 1 molar the potential needed will be impossible to discern [[83]]. One of the
possible explanations for the low separation between the species in the HT experiments
could be due to the 1 M CI~ solution used, as chlorine forms negative ions with Mo in
a similar way as fluoride. Therefore, an acid which is less prone to form stable ligand
bonds to the central atom should be used. A good candidate for this is perchloric acid
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should have a great difficulty in complexing with Mo and W. As explained in chapter
3.1|[Liquid-Tiquid Extraction] that the perchlorate ion is the weakest ligand.

7.3 Future Perspectives and Experiments

In addition to the experiments described in the current work, a significant effort was also
made (by all project members, included the candidate presenting this thesis) to set up
two complete SISAK-FEC systems, one in Oslo and one in Tokai. This was successful
and as a result the collaboration can now perform experiments in parallel at both places.
This is of great benefit to the collaboration, in particular since proper alignment of
experiments are ensured by frequent video conferences. Thus, the collaboration now
has a very good basis to work fast and efficiently to advance the search for a suitable
chemistry for reduction studies of Sg.

The level of activity produced from a mixed Zr/Mo target at OCL is not high enough
to be useful for this kind of experiments. The reason for this is that the Oslo Cyclotron
is not set up properly for producing high intensity beams suitable for this kind of ex-
periments, as this would require a different radiation protection regime. Furthermore, a
new target station with suitable cooling arrangement for the target and target chamber
window would also be required. This means that it is not possible to clarify if group four
can be used as a model for reduced species of group six atoms in Oslo, at least not with
on-line activity. The amount of Mo activity produced at OCL is also rather low, and the
available isotope has a rather long half-life (6.9 h). The Oslo group is currently looking
into replacing the OCL with a neutron induced fission source, which would improve the
situation significantly [84].

Currently the best extraction scheme seems to be using TOA. However, any TOA
system will raise complications in regards to what it extracts. It seems that a rather high
TOA concentration is needed in order to extract sufficient amount of Mo and W. Since
TOA also extracts the acid this will change the acid concentration significantly. This
will radically change which ligands Mo and W will be bound to. Therefore, it should
also significantly change the chemistry of Sg.

The HDEHP was initially promising but the great difference in the separation factor
between Mo and W makes this system unsuitable. A likely explanation is that W binds
more strongly to sulphate thereby creating a more negative adduct, which will not be
extracted by a cation extracting agent. However from [77]] it seems that adding more
sulphuric acid will hinder this formation. Thereby, by adding more acid more positive
adducts should be formed.

There are strict demands for purity in electrochemistry. One of the main reasons
for this is because it is highly likely that impurities will adsorb to the surface of the
electrode. Adsorption like this can actually reach several molecular layers. In a worst
case scenario the metal ion is actually not interacting with the carbon surface but with
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impurities adsorbed to it [85]. A suggested solution to this is to use a electrode with a
high surface area and a negative potential to pre-treat the solution. The fluid interacts
with this electrode before it interacts with the gas-jet and is transported to the FEC. In
addition, oxygen will slowly start binding to the glassy carbon surface according to [86].
In [85]] the suggested way to renew an electrode from these contaminations is to either
heat the electrode using a laser or by using a suitable series of potential pulses.

In the future the solute used for reduction should be pre-cleaned/treated in an ad-
ditional electrolysis cell before entering the SISAK-FEC system. This will reduce the
likelihood for impurities to interact with the working electrode.

The ionic strength is also important to consider. Most of the batch experiments were
done with a too low concentration to be used in the SISAK system and achieve phase
separation. The rule of thumb is that the concentration of the salt at least must be 0.5 M
for it to be possible to achieve phase separation [81]].

The reductive kinetics have to be more stringently researched. The kinetics of the
reaction should be tested with different amount of carbon fibre. This would aid in the
optimisation regarding reduction. When there is more certanity about what kind of
extraction scheme can be used. How temperature affects the reduction kinetics should
be examined closer.

Several different aquatic solutions have been tested. These different solutions should
be tested to see how high the acid content is after TOA has been used. This would
yield important information about the difference in the speciation from reduction to
extraction.

Sulphuric acid form strong bonds with Mo and W. From F. Schulz master thesis
[77] The higest D-ratio for extraction of W with TOA was when a aquatic solution
of 0.1 M H,SO,4. How sulphuric acid affects extraction with TOA has been checked
in [77]. However, it would be interesting to see how sulphate salt affects the extraction
scheme. Checking the extraction of the reduced and oxidized species with 0.1 M H,SO,
and several different concentrations of added Na,SO4 would yield interesting insight in
the adduct formation of both reduced and oxidized species of Mo and W. In addition to
achieve better separation between the species, the dependency on small changes in the
free fluoride concentration should be investigated.

To discover if underpotential is the cause of the adsorption the the carbon electrode
the surface could be covered in Mo. This could be done by letting a solution of Mo
flow trough the cell at a high negative potential thereby covering the electrode. Then
performing a experiment with active Mo to see if less activity is retained on the electrode
this way.

Other ways to control the adsorption could be to cover the electrode by a more inert
material, such as diamond or teflon coating. However more study is needed to determine
the best material.

Another possibility to control the adsorption is to do test to check if some ligands
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have a harder time adsorbing to the carbon. From previous studies it seems that nucle-
ation can be hindered by certain ligands see [87, 88|]. This conforms to the fact that less
Mo was adsorbed when there was sulphate in the solution.

7.4  Concluding Remarks

It was shown that it is possible to utilize the different complexing behaviour of tetrava-
lent and hexavalent species. Differences were achieved with both Mo and W as a func-
tion of potential. However, it is unclear if it is possible to use the Zr and Hf as homo-
logues for the reduced species of Mo and W.

The experiments with HT shows that it does not function sufficiently well as a ex-
tracting agent. The kinetics is fast and reasonable D-ratios are obtained, but it fails in
treating W and Mo in similar way. Thus, the large difference in the extraction yield does
not make it suitable. It did, however, show that it is possible to separate two oxidation
states using SISAK. TOA is seems to be the extracting agent that treats Mo and W equal
and the highest D-ratios for both elements have been achieved with this. HDEHP has
the same problems as HT, but it manages to have the highest separation between the
reduced and the oxidized species.

In Fig[6.3] a proof of concept is shown. Here two new components have been suc-
cessfully incorporated to the SISAK system. The MDG have an aquatic flow of 0.2
mL/s and a gas flow of 1.5 L/min which means the gas flow is 125 times higher than the
aquatic flow. The FEC then reduced enough Mo with the aquatic flow rate at 0.2 mL/s.
This could be seen from the D-ratios achieved by using the SISAK system. Where there
was a measurable difference in the D-ratio as a function of voltage.

At the present the most important challenge for a future reduction Sg experiment is
to control the adsorption to the carbon surface. The recent data from Japan shows that
both Mo and W will adsorb to the surface of the electrode given sufficient potential.

Spending three months in Japan greatly added to the amount of experiments that
were possible to perform. In addition it gave a great introduction to the FEC and how
this could be used. It also enhanced the possibility for both groups to work with both
SISAK and FEC.

Part of the worke performed here have been presented at international conferences
as listed in Appendix [E][Posters and Presentation Abstracts]
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Appendix A

CALCULATION OF PEAK PRECISION IN THE PRESENCE OF
BACKGROUND

When there is no background in the measurement of a peak the standard deviation o is
given by:

c=+vVN (A.1)

Where N is the integrated counts of the peak. Normaly when radioactivty is measured
we have some background. This must be taken into account when we calculate the net
peak counts P:

Nr=P+ B (A.2)

Here Ny is the total integrated area. B is the background counts. To estimate B two
additional regions are integrated a distance d on the right and left side of the peak.
The width of these regions are set to > where 75 is the width of both regions. Both
regions are integreated and designated Ng;, Npo. Then the estiamte of the background
becomes:

My = :77—” - (Np1 + Npo) ~ B (A3)
B

where 7, is the width of the peak region. which gives the standard deviation

oMB N T (Np1 + Nps)

B
~ M [T, B (A4)
sV -
Then we get:
P~ Nr— Mg (A.S)

giving a standard deviation of

op=1/0%, + O (A.6)
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can also be written as

ap:\/P+<1+"—P)-B (A7)
nB

This is the technique used by the ORTEC software further description can be read in
[89]



Appendix B

CALCULATION OF D-VALUE UNCERTANITY

The general formula for calculation of the standard uncertainty of a calculated value R
which is a function of measured values x, y etc is:

SR\ (SR .Y
= () (30 s) o

for the general formula R = % which is very important for D-ratios we get the uncer-

tainty as.
2 2
SR:RW) (%) ©2)
x Yy

Then to calculate the uncertainty where the concentration in the phases are defined from
several v peaks. The uncertainty in the different peaks have to be taken into account.
The formula from the calculation:

oA ©3)

2l AT

-0 Y () X (Sh) @

o

For experiments performed in Japan the uncertainty becomes slightly different as we
also have to take into account the uncertainty in regards to the efficiency of the detectors.
We have formula[5.2] Where the uncertainty S; becomes;

0J 2 0J 2 0J 2
2
— (-2 n (22 B.
SJ ((5 407’g1 SAorgl) ((5 qaq2 SAaq2> (56 Se) ( 5)




84 Appendix B. Calculation of D-Value uncertanity

After partially deriving, and remembering that € = gs—"g the formula end up as:

o) () - (82)
S :D6 org + _tAq2 + soll
/ \/( Aorg AAqZ Csoll
Sc 12)
+ SO
( CsolQ

And as several y-peaks were used for the calculations the end result is:

Sg‘orgl Aqu ? SOsoll 2
5 =be Z(zT) *Z( A) ¥ (s )

Scson \ 2
+ Z < CCioll)

(B.6)

(B.7)



Appendix C

OVERLAPPING ~-PEAKS

In some of the experiments there would be produced some unwanted nuclei. occasional
some of these would emit vy-rays with equivalent energy to the nuclei used in the exper-
iments. If there was a significant amount of these nuclei they would have to be taken
into account. To do this the count rate from a non-overlapping peak from the nuclei was
used.

Now knowing the count rate of the offending nuclei in the overlapping are it is
possible to calculate the correct count rate for the useful nuclei. The formula can be
presented as:

Ctot - C’ﬂ + 072...C,~/n (Cl)

Where C.,, to C,, is all the peaks within the region of interest for the peak C},;. The
input from the offending peaks can be removed by using the count rate from other peaks
of the same nuclide. The count rate of a peak can be expressed as:

C., = Agel,, (C.2)

Where C,, is the count rate of peak x A, is the activity of peak x ¢, is the efficiency of
the detector for the energy are of peak x and I, is the intensity of the emitted peak. If
we then substitute the A, value in the overlapping are we can express the count rate of
the offending peak with:

. C'%el]

C., = e C3
7 Er] ( )

Vo
Where anything with the suffix = is an emission that does not overlap. While the suffix
1 overlaps. Assuming then that there is only two peaks in the region of interest and only
one of them are important the count rate of the important peak can then be calculated
using:

C’yi = C(tot - C’n (C4)

Where C.,, is the value of the peak. The intensity of emission was found in the Lund
data base ([90]), the energy efficiency was done with several different nuclei.
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C.1 Overlap Between the 909 keV ~y-ray of % Zr and %1% Cu

Due to the large diameter of the beam during the experiments with creating tracer Zr
some %°Cu was also made. The extra counts from the copper isotopes were removed
by using the formula The efficiency for the 909 keV regions was measured to be
0.0047. The ~-ray 1185 keV from the ®Cu nuclide was the only one that was measur-
able this y-ray had an intensity of 0.0375 and the efficiency of the detector in this area
was 0.0043. The intensity of the 909 keV ~-ray of the %' Cu nuclide is 0.01102. The
1332 keV v-ray of ®*Cu was the only one that was usable this y-ray had an intensity of
0.88 and the efficiency in that area was 0.0041. The intensity of 909 keV ~v-ray of the
the %°Cu nuclide is 0.0202.



Appendix D

CORRECTIONS

D.1 Decay Corrections

As some solutions were measured in series a decay correction had to be performed:
Ay = Age (D.1)

Where At = i + tRTE —tg — t%s and ¢ g is the start of the next measurement ¢ g is the
real time of this measurement and ¢ g is the start time of the first measurement while ¢ zg
is the real time of this measurement.

D.2 Calibration of Liquid Flow

The calibration of the liquid flow was done by pumping the fluid for a time interval At
and collecting the fluid. The fluid was then weighed. This weight was then compared to
the readout from the flow meters. All samples where weighed before and after collection
to see if their volumes were correct.
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Appendix E

POSTERS AND PRESENTATION ABSTRACTS

During the work for this thesis several posters have been presented at different work-
shops and conferences. Posters that are related to this thesis is presented here.

1. Radchem 2014: 11-16 may 2014 Marianske Lazne, Chsech Republic

e Preliminary investigations towards the separation of hexavalent and tetrava-
lent seaborgium - extraction of homologs

e Electrolytic reduction studies of Mo and W towards the reduction of seaborgium

e Preparations for Redox Studies of Seaborgium with SISAK Coupled to the
Flow Electrolytic Column FEC

2. NRCS8 EuCheMS International Conference on Nuclear and Radiochemistry:
16-21 sep 2012 Como, Italy

e Liquid-phase Studies of Seaborgium using the Automated Liquid-liquid Ex-
traction system SISAK

3. Eighth Workshop on the Chemistry of the Heaviest Elements, CHE 8: 19-21
sep 2013 Takayama, Gifu, Japan

e On-line Extraction and Reduction of Mo and W using SISAK and FEC

e Development of new degasser with a hydrophobic membrane for SISAK
system

4. 5th Asia-Pacific Symposium on Radiochemistry 13, APSORC 13: 22-27 Sep
2013 Kanazawa, Japan

e Solvent Extraction of Hexavalent Mo and W using 4-isopropyltropolone
(Hinokitiol) for Seaborgium (Sg) Reduction Experiment

e Development of a new Continuous Dissolution Apparatus with a Hydropho-
bic Membrane for Superheavy Element Chemistry

e Chemical Studies of Mo and W in Preparation of a Seaborgium (Sg) Reduc-
tion Experiment using MDG, FEC, and SISAK
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Introduction

The aim of the present study is to find a suitable
chemical liquid-liquid extraction system to be applied in
future reduction studies of Sg.

The idea isto separate and identify reduced Sg-species from
none-reduced Sg(VI) by their different extraction behavior in a
SISAK liquid-liquid extraction stage following the reduction in an
electrochemical cell.

Schematic of Future Sg-experiment

Gas jet Org.
(rom target oL, Reference  Org. phase b
Mixer |
Flowin \ .
Membrane Electroly%ic Carbon-fibre EXtra?tlon
Degasser electrode  Centrifuge
9 Cell (FEC)

(SISAK)  aq
Ag. phase phase

Transfer to aq. phase  Reduction of Sg(Vl) Separation of Sg species
Sg will be produced by intense bombardment by a heavy-ion beam
at the RIKEN facility in a suitable nuclear reaction like
248Cm(%°Ne,5n)?65Sg , then pre-separated from unwanted reaction
products by a physical, gas-filled separator like e.g. GARIS.
Detection will be performed by the on-line SISAK liquid scintillation
deteCtlon SyStem . RIKEN and GARIS, see H. Haba et al., Phys. Rev. C 85, 024611-1-11 (2012).

FEC see Toyoshima ef al., Radiochim. Acta 96, 323-326 (2008).
and separate contribution to RadChem'2014.

SISAK see J. P. Omtvedt et al., Eur. Phys. J. D 45, 91-97 (2007).

Experimental

The Oslo Cyclotron Laboratory's (OCL) MC35 Scanditronix
Cyclotron was used for producing the 8Zr and %3mMo radiotracers
with a 30 MeV “He?* ions beam on targets of "3Zr and "SrO,. The
nuclear reaction products were transported to the radiochemistry
laboratory by a KCl/He gas-jet (1.5 L/min flow). The aerosols were
caught on a filter paper and dissolved in the aqueous solution.

The production of 176*177\W radiotracers were performed using the
nuclear reactions 75Lu(”Li, xn) at the Tandem accelerator at the
Japan Atomic Energy Agency's Advanced Science Research Centre
in Tokai. A gas-jet transport similar to the one described for the OCL
experiments were used.

All extractions experiments were performed by batch method with
equal volumes (4 mL) of organic and aqueous phases in test tubes
at room temperature (~ 20 °C).

e Preparations for performing reduction studies of Sg
are underway.

e Reduced Sg(IV) were represented by Zr(IV), none
reduced Sg(VI) represented by Mo(VI) and W(VI).

e |t seems likely that none-reduced (VI-state) and
reduced (IV-state) Sg can be distinguished by
liquid-liquid extraction (followed by on-line liquid
scintillation detection).

Extraction behavior of Mo and W

The extraction of %¥™Mo(VI) and 76+177W(VI) with HDEHP and TOA
from 0.1 M H,SO, and 0.1 M HCIO, as well as in these solutions
mixed with 0.01 M HF were investigated. Results are shown below:

T
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—8—Win HCIO, +0.01 M HF
—8—Moin HCIO, + 0.01 M HF
—8—WinH,SO,
—8—Moin H,SO,

—8-Win H,;S0, +0.01 M HF
—@—Moiin HSO, +0.01 M HF
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For the Sg reduction experiments we do not want Mo, W, and Sg do
behave differently, we only want the (V1) and (IV) states to behave
differently. Therefore, the TOA system seems more promising than
the HDEHP system.

Extraction behavior of Mo and Zr

The extraction behavior of %m™Mo(VI) and 8Zr(IV) as homologues of
Sg(VI) and Sg(IV), respectively, are of special interested for the
development of radiochemical separation of Sg. Extraction with
TOA and HDEHP in toluene from mixed aqueous solutions of 0.1 M
H,SO, + 0.01 M HF were selected to investigate Sg(VI)-like
(modeled with Mo(VI1)) and Sg(1V)-like (modeled with Zr(1V))
behavior, as illustrated:

100

D-Ratio

01t

0,01k
1E-3

0,1 1
TOA

- 1
0,01 0,01 0,1
HDEHP (M)

As can be seen, only the TOA system is promising for a clear
separation of reduced from none-reduced Sg.
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Electrolytic reduction studies of Mo and W
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1. Introduction 3. Results

Purpose of the present study

To find a suitable condition to reduce and separate Mo and
W between none-reduced (VI-state) and reduced (IV-state)
species for our future seaborgium (Sg) reduction study

Future continuous reduction experiment with single Sq ions

1) Production and pre-separation of Sg with GARIS

2) Dissolution of Sg with Membrane degasser (MDG)

3) Reduction of Sg(VI) to Sg(IV) with flow electrolytic
column (FEC)

4) Separation between Sg(VI) and Sg(1V) by liquid-liquid
extraction with SISAK

5) Liquid scintillation counting

GARIS
Pre-separation of 265Sg

SISAK
Extraction & a-Meas. 4
I\
- Org: Sg(VI) I~ .In
Ag: Sg(IV) +— Ml
d L = e
quuld
JL Scintillation
Sg(VI)->Sg(IV
g(vVh)>Sg(IV) system

Ag soln.  Reduction

2. Experimental

JAEA tandem accelerator

89Y(7Li, 3n)%MmMo (6.9 h)
5Lu(7Li, 6n)176W (2.5 h)

Number of atoms used
in an experiment
93mMo: 108 atoms
176\\/: 108 atoms

Aqueous solution

He/KClI gas-jet (H,SO, etc.)

iti dissolution . .
Dep05|t.|on. —————— inject
on a plastic film |

FEC, Applied potential:
0.4 to -1.4 V vs. Ag/AgCl
reference electrode

l

Liquid-liquid extraction with 1 min
mixing by a batch method

Centrifuging and \

Organic solvent
(TOA in toluene)

Distribution ratio (D)

MLy,

ML

D=
sampling

According to our extraction results, — please see No.118 poster —,
we used TOA (Trioctylamine) as an extractant. In addition to the
mixed 0.1 M H,SO,+0.01 M HF solution proposed, H,SO, and
0.1 M H,S0,+0.1 M HCIO, were also examined.

103
Ag.:0.1 M H,SO,
+0.01 M HF
Org.: 0.1 M TOA 93m\o
g

In0.1 M H,S0,+0.01 M HF, D
values of ™Mo show a
decrease below -0.4 V, while
those of 176W have a slight

« | iINncrease at almost the same
potential.

102

L]

10t 0 .
n .

" 176\

-0.5 0 0.5

Applied potential / V

100
-1.5 -1

103
Ag.: 0.1 M H,SO,
Org.: 0.2 M TOA. In 0.1 M H,SO,, D values of

10 93mMo slightly decrease at -0.8

93m |
° . bite o |V, while those of 17W have a
oy, " o | gradualincrease below 0 V.
°
176\\/
100
-1.5 -1 -0.5 0 0.5

Applied potential / V

Ag.: 0.1 M H,S0,+0.1 M HCIO,

Org.: 0.2 M TOA.

103
. i t I i ¢

ol e ey 0 E] 1001 MH,S50,+0.1 M HCIO,,

5 D values of ™Mo show a

Lo very large decrease starting
" %mMo at -0.4 V, while those of 176W
L have no variation.

10(-)1‘5 -1 -0.5 0 0.5

Applied potential / V

We have successfully observed the electrolytic reduction of carrier-free
93mMo and 176W with identification by liquid-liquid extraction, although

Mo and W were reduced under different conditions.

» Mo was successfully reduced and separated in 0.1 M
H,S0O,/0.1 M HCIO, and 0.2 M TOA.

» W showed a gradual reduction in 0.1 M H,SO,, while
not reduced in 0.1 M H,SO,/0.1 M HCIO,.

> We will further study the reduction of Mo and W under
another conditions such as 1 M H,SO, to find much

y-ray spectrometry using a Ge detector

better separation conditions for both Mo and W.
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An important motivation for investigating chemical properties of the transactinide elements is whether the Periodic
Table keeps its validity as an ordering scheme in the transactinide region, i.e. for element number 104 and onwards.
Strong relativistic effects, which increase approximately as a function of Z, and are thus most pronounced in the
heaviest elements, are expected to make the properties of transactinide elements different from their lighter homologs.
Therefore, the heaviest elements provide the best "laboratory" to study the influence of relativistic effects. A close link
between experiment and theory is in-dispensable as relativistic effects can only be "detected" by comparing
experimental results with those predicted by modern quantum-chemical calculations. However, due to the short half-
lives and extremely low synthetisation rates of transactinide elements, the experimental challenges are huge:
Experiments are performed under “one-atom-at-a-time” conditions which of course restrict available chemical methods
significantly. Finding suitable experimental methods is challenging, but in addition these methods should shed light on
relevant and interesting properties which can be related to theoretical calculations.

A property which can be studied both experimentally [1] and theoretically [2] is redox potentials. A Japanese-German-
Norwegian collaboration has undertaken to investigate redox potentials of element 106, seaborgium, using the fast
liquid-liquid extraction system SISAK [3] coupled to the newly developed flow electrolytic column (FEC) [1]. SISAK
consist of a series of purpose built small centrifuges coupled to a liquid scintillation detection system. The complete
system operates in a true continuous manner, i.e. it is true “on-line”, which makes it one of the fastest liquid-phase
systems available for chemical investigation of transactinide elements. The system was successfully used for studies of
element 104, rutherfordium [3]. The main idea is to differentiate between seaborgium in its hexavalent state and lower
oxidation states (after “on-line” reduction in the FEC). By selecting suitable ligands which make e.g. hexavalent
species positively charged and lower oxidation states (tetravalent or pentavalent) negatively charged (or vica versa), an
anion or cation extracting reagent should in principle clearly distinguish between reduced and none-reduced
seaborgium. Work has been performed at the JAEA tandem accelerator laboratory in Tokai and at the Oslo Cyclotron
Laboratory, University of Oslo, to test and further develop the combined SISAK-FEC system to achieve necessary
performance for redox experiments on seaborgium, and to find chemical conditions satisfying, or at least approaching,
the above mentioned principle.

This presentation will give an overview of the status and achievement of the collaborative effort described above.
Further details on the FEC and redox chemistry can be found in a contribution to this conference by A. Toyoshima et
al. In a second contribution by M. F. Attallah et al., details about the selection and testing of suitable liquid-liquid
extraction schemes are provided. [1] A. Toyoshima et al., Radiochim. Acta 96, 323-326 (2008). [2] V. Pershina and J.
V. Kratz: Inorg. Chem. 40, 776-780 (2001) [3] J. P. Omtvedt et al., Eur. Phys. J. D 45, 91-97 (2007).
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Liquid-phase Studies of Seaborgium using the
Automated Liquid-liquid Extraction system SISAK
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Redox studies of transactinides using SISAK
Providing Information on the binding energies of the
valence electrons influenced by increasingly strong
relativistic effects
Present study
o Toyoshima et al. are developing an electrolytic cell
for connection to the automatic Liquid-Liquid
Extraction (LLE) system SISAK for studies of
redox properties of element 106, seaborgium (Sg).

o SISAK (Short-lived Isotopes Studied with the
AKufve technigue) has been successfully used to
study element 104, rutherfordium (Rf).

o The more demanding experiments on Sg require
shorter transport time, improved reliability and
ease of use.

Toyoshima et al,, Radiochim. Acta 96, 323-326 (2008).
Toyoshima et al., contribution to NRC8 (2012)
J.P. Omtvedt, ef al., J. Nucl. Radiochem. Sci. 3 (2002) p. 121.

2. New Membrane Degasser

Mixture inlet 8- A Aqg. outlet
1

[1
_Membrane
(hydrophobe)

[
-

‘ Gas outlet

o The new degasser (prototype), based on a
hydrophobe membrane, has no moving parts and
can be made very small and thus fast. It consist of
about eight parts (plus screws), compared to the
centrifuge which rotates at 25 000 RPM and consist
of about 50 parts machined to very high precision.

o A disadvantage of the new degasser is that it has
no pumping capacity, as provided by the old
(rotating) degasser.

Picture of the new (left)
and old (right) degasser
The old degasser is
fitted with a premixer,
which also can be fitted
to the new one.

Next version of the
membrane degasser
will be substantially
smaller.

» The new degasser, based on a hydrophoibic
membrane, performs better than the old centrifuge
based degasser.

» Yields around 90% was achieved in preliminary
tests with a prototype.

» Transport time through the membrane degasser is
very fast, even for low flow-rates.

» Tests were performed at the Oslo Cyclotron
Laboratory at University of Oslo, Norway.

3. Results

Yield Tests for Transfer from Gas to Liquid

Tests with new and old degasser at very low flow
rates (for SISAK) show (graph below) that the
membrane degasser fitted with a premixer made of a
tube tightly packed with peak wool performs better
than the old degasser, providing yields around 90%.

100 T T T
95 - -
% | ® .
85 - -
Q) L
é 80 -
o
Q2
. 75 - =
- i ® Membrane degasser ]
| ® Centrifuge degasser ]
65 |- wool mixer .
- 0,1 mL/s flow | [0,2mL/s flow |;
60 1 1 1 1
Flow Rates

The electrolytic cell being developed by Toyoshima et
al. requires lower flow-rates (0.1 — 0.2 mL/s) than
previously used by SISAK ((0.4 — 0.5 mL/s). The new
degasser method presented here will enable the
overall transport-time through SISAK to be
maintained even at the low flow-rates.

Heating
An important advantage with the new degasser is that
solutions do not need to be heated to achieve good
yield. This is an advantage with respect to complexity

and performance of the scintillation detection.
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SISAK is a liquid-liquid extraction system which quickly and
continuously mixes two immiscible phases and subsequently
separates them using a centrifuge [1]. We plan to perform a
Sg reduction experiment using a newly developed Membrane
DeGasser (MDG) [2] to dissolve nuclear reaction products
delivered by a gas-jet aerosol system in a liquid. Sg in the
liquid phase will then be reduced with a Flow Electrolytic
Column (FEC) [3-5] from hexavalent to penta or tetravalent
states. This yields important experimental information on the
redox behavior of Sg. SISAK is then utilized to separate the
ions in the (V) or (IV) states from that in the (VI) state by
solvent extraction. In preparation for the future seaborgium
(Sg) reduction experiments, we have carried out on-line
extraction and reduction experiments of its lighter homologs,
Mo and W.

1. Extraction of Mo and W with SISAK

Extraction experiments of Mo and W were performed with
the new MDG and the SISAK system. The radioisotopes
I™Mo (T, = 60 s), ™Mo (T, = 6,9 h) and Y"°W (Ty, = 2,5
h) were produced in the #Y(’Li, 6n)*"Mo, #Y('Li, 3n)*"Mo
and ®Lu(’Li, 6n)*®W reactions, respectively, at the JAEA
tandem accelerator. Reaction products were transported by a
He/KCI gas-jet to the chemistry laboratory with a gas flow of
1,5 L/min. The products were dissolved in aqueous solutions
using the MDG. Extraction was performed with flow rates
from 0,1 mL/s to 0,2 mL/s. The aqueous phase (0,1 M HCI/
0,9 M LiCl) from the MDG was then mixed with an organic
phase of hinokitiol (HT) dissolved in toluene at the flow rate
of 0,2 mL/min to extract Mo(VI) and W(VI) ions to the
organic solution. These two phases were then separated using
a SIAK centrifuge. Both of the phases were separately
collected and measured using HPGe detectors.

The experiments represent non-reduced species of
group-1V and clearly showed that more Mo and W were
extracted with higher concentration of HT.

2. Reduction of Trace amount of Mo

Reduction experiments of *™%™Mo were performed using
FEC coupled to MDG and the SISAK system. The
experimental procedure was the same as the extraction
experiments described above, but with the FEC inserted
between the MDG and the SISAK extraction stage. A glassy
carbon rod covered with carbon fiber was used as working

electrode and a silver mesh as the counter electrode in the
FEC. The applied potential was between -0,6 and 0,8 V vs. a
standard hydrogen electrode (StHE).

The distribution ratio (commonly referred to as the D
value) defined as the ratio of the extracted element in the
organic phase to that in the aqueous phase is shown in Fig. 1
for Mo as a function of the applied potential vs. StHE. The D
value of Mo decrease for potentials below 0,2 V. In our
separate macro amount reduction experiments, (VI)Mo was
reduced to (V)Mo around this potential. Thus, our
experiments show that Mo(VI) is reduced to Mo(V) in the
rapid and continuous on-line experiments, although the
difference of the D values of Mo is smaller than those
observed in batch reduction-experiments. Work to improve
the separation and the extraction of the two states is on-going
and progress will be reported at CHES.
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Fig. 1: Extraction of Mo using 10 HT/toluene and aqueous solution
0,1 M HCI mixed with 0,9 M LiCl.
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1. Introduction

We plan to investigate the redox potentials of element
106, seaborgium (Sg), using a flow electrolytic column
(FEC) [1] in combination with the rapid liquid-liquid
extraction apparatus SISAK [2].There is a technical problem
in connection of these two apparatuses; a typical liquid flow
rate for SISAK of ~24 mL/min is quite higher than that for
FEC of ~1 mL/min. To successfully work with these two
apparatuses, we need to reduce the liquid flow rate of the
SISAK system. However, the dissolution efficiency with
SISAK centrifuging degasser, which continuously dissolves
gas-jet transported nuclear reaction products into aqueous
solution, drops with decreasing the liquid flow rate. In the
present study, therefore, we fabricated a completely new
degasser which successfully works with a lower liquid flow
rate.

2. New degasser with a hydrophobic membrane

Our new degasser has a hydrophobic Teflon membrane
for separation of aqueous solution from gas (hereafter called
membrane degasser (MDG)). It continuously dissolves
transported products by a gas-jet as follows. The mixture of
gas and aqueous solution enters MDG. Then, only the gas is
sucked through the membrane with a vacuum pump. On the
other hand, aqueous solution does not pass through the
hydrophobic membrane and flows along a channel in MDG.
Then, it elutes from an outlet.

3. Performance test

Dissolution efficiencies of gas-jet transported products
were measured using MDG. Short-lived isotopes, VI (Tye
=65 s), ®™Mo (Ty, = 6.9 h), and W (T, = 2.5 h), which
are lighter homologues of Sg, were produced simultaneously
in the #Y('Li, 5n)*™Mo, #*Y('Li, 3n)*™Mo, and *"Lu(’Li,
6n)'"®W reactions, respectively, at the JAEA tandem
accelerator. Reaction products recoiling out of the targets
were transported to the chemistry laboratory by a He/KCl
gas-jet. The pressure in the target chamber was 130-140 kPa.
The transported products were mixed with 1 M HCI/10* M
HF solution before entering MDG. The carrier gas was then
sucked thorough the membrane in MDG, while the aqueous
solution was eluted from MDG. The aqueous sample was
collected in a plastic bottle and was then measured with a Ge
detector.

4. Results and discussion

The dissolution efficiencies for Mo and W at a He gas
flow rate of 1.5 L/min are shown in Fig. 1 as a function of
aqueous flow rate. In this experiment, the dependence of
dissolution efficiencies on a half-life was observed; the
efficiency for ™Mo (T, = 6.9 h) was higher than that for
%i™Mo (T, = 65 s) at aqueous flow rate of 0.6-6 mL/min.
Nevertheless, a dissolution efficiency of more than 80% was
obtained for short-lived “™Mo at the aqueous flow rate of 6—
24 mL/min. A high yield of around 70% was also observed at
a flow rate of 1.8-3 mL/min. These results show that MDG
works with a lower aqueous flow rate than the previous
SISAK degasser. The dependence of dissolution efficiency
on a He gas flow rate was also investigated at aqueous flow
rate of 0.6-24 mL/min. The efficiencies were almost
independent of the studied gas flow rates of 1.0, 1.5, and 2.0
L/min. This shows that MDG works with various gas flow
rates.

In the near future, on-line experiments for Mo and W
using MDG will be conducted in combination with SISAK

and FEC.
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Fig. 1: Dissolution efficiencies of gas-jet transported nuclides with

MDG as a function of aqueous flow rate.
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Abstract — Solvent extraction of “™Mo and W using 4-
isopropyltropolone (Hinolitiol, HT) was investigated. Extraction
mechanism of Mo and W with HT was examined by slope analysis.
The slopse of the distribution ratio of Mo and W vs. [HT] in
logarithmic scale are 1.88 and 1.54, respectively.

Keywords — Superheavy elements, Solvent exiraction, Hinokitiol,
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. INTRODUCTION

For the determination of the reduction potentials of
Seaborgium (8g), we plan to carry out reduction experiments
using a rapid and continuous systern consisting of a flow
electrolytic column (FEC) {1] combined with the liquid-
liquid extraction apparatus SISAK [2]. The oxidation states
of 5g will be chemically characterized its extraction behavior,
and thus, rapid extraction enabling separation of Sg with
different oxidation states is required. From our results of
extraction-kinetics studies of "*'W as lighter homologue of Sg
into toluene containing several extractants from 0.1 M HCI,
we found that 4-isopropyltropolone (Hinokitiol, HT) has fast
kinetics enough to be used together with SISAK. In the work
presented here, we examined the extraction with HT of *™Mo
(T2 = 6.9 h) and '™W (T, = 2.5 h) from a mixed solution
1.0 M HCl and 1.0 M LiCl solution.

II. EXPERIMENTAL

™Mo and "W were produced in the *Y('Li, 3n)**"Mo and
"Lu("Li, 6n)' W reactions, respectively. *Y metallic foil
and "™Lu;0; on Be foil were imradiated by a 62 MeV 'Li
beam from a tandem accelerator in JAEA. Reaction products
recoiling out of the target foils were transported with a
He/KCl gas-jet to the chemistry laboratory, Transported
products were collected on a PTFE sheet, and dissolved by a
mixed solution of 1.0 M HCI and 1.0 M LiCl. Then, a
hydrogen ion concentration of solution was adjusted to
desired ones. An organic phase was toluene containing a
certain concentration of HT. 700 pL of each aqueous and

organic phase was mixed in a vial and shaken for 600 s using
a mechanical shaker. Afier shaking, two phases were
separated by centrifugation for 30 s. 500 pL of each aqueous
and organic phase was taken into the vials. Radioactivity of
both phases, 263 keV y-rays of ™Mo and 102 keV y-rays of
17w, was detected by a Ge-detector. The distribution ratio
(D) was calculated by the ratio of radioactivity of ™Mo and
"W in the two phases,

I[II. RESULT AND DISCUSSION

Figure 1 show that the variation of the D value of Mo and W
with respect to the concentration of HT in the organic phase
({HT]) when the concentration of hydrogen ion in the
aqueous phase was 0.1 M., The D value of Mo and W
increased by increasing of [HT]. The slopes of the D value of
Mo and W vs. [HT] in logarithmic scale are 1.88 and 1.54,
respectively. Those results indicated that Mo is formed an
extractable complex with two HT molecules and W is one
and/or two molecules.
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Figure 1. Variation of the distribution ratio of Mo and W vs. the
concentration of HT in the organic phase when aqueous phase was 0.1 M
HCl / 0.9 M LiCl Closed cycles and squares represent Mo and W,
respectively.

[1] A. Toyoshima et al., Radiochim. Acta, 2008, 96, 323
[2]1 J.P.Omtvedtetal, Eur. Phys. J. D, 2007, 45,91
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Abstract —A new continuous dissolution apparatus of gas-jet
transported products was developed for superheavy element
chemistry. The new apparatus has a hydrophobic membrane for
separation of aqueous solution from the gas. We investigated the

dissolution efficiencies with the apparatus for short-lived nucliides.

In the conference, the dependence of the efficiencies on the
agueous- and gas-flow rates will be reported,
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I.  INTRODUCTION

For investigation of the redox potentials of element
106, seaborgium (Sg), we plan to combine a flow
electrolytic column (FEC) [1] with the rapid liquid-liquid
extraction apparatus SISAK [2]. There is a technical
problem in connection with these two apparatuses; a typical
liquid flow rate for SISAK of ~24 mL/min is quite higher
than that for FEC of ~1 mL/min. To successfully work with
these two apparatuses, it is required to reduce the liquid
flow rate of the SISAK system. However, the dissolution
efficiency with the SISAK centrifuging degasser, which
continuousty dissolves gas-jet transported nuclear reaction
products into an aqueous solution, drops with decreasing
liquid flow rate. In the present study, therefore, we
fabricated a completely new continuous dissolution
apparatus which successfully works with a lower liquid
flow rate.

Il. NEW CONTINUOUS DISSOLUTION APPARATUS
WITH A HYDROPHOBIC MEMBRANE

Our new degasser utilizes a hydrophobic Teflon
membrane to separate aqueous solution from gas (hereafier
called membrane degasser, MDG). It continuously
dissolves transported products by a gas-jet as follows. The
mixture of gas and aqueous solution enters the MDG. Then,
only the gas is sucked through the membrane with a
vacuum pump. On the other hand, the aqueous solution
does not pass through the hydrophobic membrane and
elutes from an outlet.

ITL PERFORMANCE TEST

Dissolution efficiencies of gas-jet transported products
were measured using the MDG. Short-lived isotopes,
™Mo (T2 = 65 5), ™Mo (T = 6.9 h), and '"*W (T, =
2.5 h), which are lighter homologues of Sg, were produced
simultaneousty in the *Y(’Li, 5n)°"'™Mo, ®Y(Li, 3n)**Mo,
and '"Lu(’Li, 6n)'"*W reactions, respectively, at the JAEA
tandem accelerator. Reaction products recoiling out of the
targets were transported to the chemistry laboratory by a
He/KCl gas-jet. The pressure in the target chamber was
130-140 kPa. The transported products were mixed with 1
M HCI10™ M HF solution before entering the MDG. The
carrier gas was then sucked through the membrane in the
MDG, while the aqueous solution was eluted from the
MDG. The aqueous sample was collected in a plastic bottle
and was then measured with a Ge detector.

Iv. RESULTS AND DISCUSSION

The dissolution efficiencies for Mo and W at a He gas
flow rate of 1.5 L/min were investigated as a function of
aqueous flow rate. In the result, a dependence of the
dissolution efficiencies on the half-life was observed; the
efficiency for ™Mo (T, = 6.9 h) was higher than that for
™Mo (T\, = 65 s) at aqueous flow rate of 0.6-6 mL/min.
The dissolution efficiency for W (T,;; = 2.5 h) was
almost the same as that for “™Mo. Nevertheless, 2
dissolution efficiency of more than 80% was obtained for
short-lived *'"Mo at aqueous flow rates of 6-24 mL/min. A
high yield of around 70% was also observed at flow rates
of 1.8-3 mL/min. These results show that the MDG works
with a lower aqueous flow rate than the previous SISAK
degasser.

In the conference, the dependence of dissolution
efficiency on the He gas flow rate will be also reported.

(1] A. Toyoshima et al., Radiochim. Acta 96, 323-326 (2008).
[2]1 1. P.Omtvedt et al., Enr. Phys. J. D 45, 91-97 (2007).
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Abstract —We are developing a new chemistry assembly to
perform continuous reduction experiments of seaborgium
{element 106, Sg). In preparation for the Sg experiment, we have
begun studies on the dissolution, reduction, and extraction of Mo
and W isotopes. Our present slatus of the preparation with Mo
and W will be presented.

Keywords —  Superheavy elements, Seaborgium  (Sg),
Electrochemistry, Solvent extraction, Flow electrolytic column,
SISAK, Membrane degasser

Seaborgium (Sg) is expected to be redox-active similarly to
its lighter group-6 homologs, Mo and W. Theoretical
calculation show that Sg can be reduced from the most
stable hexavalent state Sg(VI) to, e.g., the tetravalent one
[1]. They also predict that the Sg(VI)/Sg(IV) couple will
have a more negative redox potential than those of the
corresponding W ions in acidic solution [1]. In such
reduction reactions, electrons occupy the vacant valence 6d
orbital of the Sg(VI) ion. The redox potential of the
Sg(IV)/Sg(VD) couple, therefore, provides information on
the stability of the 6d orbital which is anticipated to be
influenced by increasingly strong relativistic effects.
Because of low production rates of 26%abge (a and b
stand for two different states) in the ***Cm(**Ne, 5n)
reaction and their short half-lives of 8.5 and 1.4 s [2], only
single atoms of Sg are present. This means that standard
electrochemical techniques are not applicable to its
reduction study. In our previcus works, we have developed
a novel electrochemical method of electrolytic column
chromatography available for single ions [3]. Carbon fibers
modified with Nafion perfluorinated cation-exchange resin
were employed as a working electrode as well as a cation-
exchanger. This technique was successfully applied to the
oxidation of nobelium (No) [4] and the reduction of
mendelevium (Md) [5]. It is, however, technically difficult
to apply this batch-wise chromatographic method to the
reduction study of Sg because of its very short half-lives.
We are, therefore, developing a new chemistry assembly
consisting of a membrane degasser (MDG), a flow
electrolytic column (FEC), the continuous liquid-liquid
extraction apparatus, and the liquid scintillation counting

87

system (SISAK) [6] to continuously perform the
dissolution, reduction, separation, and detection of Sg,
respectively.

In preparation for our future experiment with Sg,
we have begun studies on the dissolution, reduction, and
extraction of Mo and W isotopes. On-line experiments
using the newly developed MDG were carricd out to
examine the dissolution efficiency of nuclear reaction
products transported by a gas-jet. The aqueous solution
dissolving the reaction products was successfully separated
from the carrier gas using the MDG after continuous
mixing of the carrier gas with the aqueous solution.
Electrolytic reduction of Mo and W was examined using a
FEC. Redox couples of Mo{VI)/Mo(V) and W(VLYW(V) in
HCI have been so far characterized for macro amounts of
Mo and W with cyclic voltammetry and UV/Vis.
absorption spectrometry Batch extractions of hexavalent
#mMo and "*'W were performed to search for suitable
conditions in the separation between Sg(IV) and Sg(VI).
Variations of extraction ratios of Mo(VI) and W(VI)
between toluene containing hinokitiel (HT) and HCl] were
successfully observed as a function of HT and HCI
concentrations. On-line extractions of short-lived *"™Mo
and "W were aiso carried out using SISAK and MDG.
Extraction ratios of these elements were increased with
increasing HT concentration, reflecting results of the batch
experiments. In the symposium, our present status of the
preparation with Mo and W will be presented.

[1] V. Pershina et al., J. Phys. Chem. A103, 8463 (1999).

[2] H. Haba et al., Phys. Rev, C85, 024611 (2012).

[3] A. Toyoshima et al., Radiochim. Acia 96, 323 (2008).

[4] A. Toyoshima et al.,, J. Am. Chem. Soc. 126, 9180 (2009).

[5] A. Toyoshima et al., to be submitted.

[6] For example, J. P. Omtvedt et al,, Eur. Phys. J. D45, 91 (2007).
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