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C) Scientific goals of the research, obtained results and their practical
importance discussed in abovementioned publications

Introduction

The publications included in the scientific achievement describe
physicochemical (mainly electrochemical and spectroscopic) properties of ionic
forms of technetium in aqueous media and a process of their extraction in selected
liquid-liquid systems.

The results of my research are of crucial importance for nuclear medicine and
nuclear power industry.

About 80% of all diagnostic tests in nowadays nuclear medicine is carried out
using ®¥MTc, which is a short-lived technetium radioisotope with half-life of 6 hours
[OECD, 2017; IAEA, 2015; Nowak, 1998]. The °m™Tc used in synthesis of
radiopharmaceuticals is eluted from a °*Mo/*®™Tc generator as a pertechnetetate
ion, TcO4. Various radiopharmaceuticals require technetium with different oxidation
states [Abram, 2006] and most common used are complexes of technetium
containing cores, such as [TcOJ*, [TcNJ?*, [Tc(CO)s]* or Tc3+, with large organic
molecules. Synthesis of of such technetium species with oxidation state and
chemical composition required for a specified radiomedical application creates a
challenging task for modern chemists. The most common approach in
radiopharmaceuticals synthesis relies on chemical reduction of eluted
pertechnetates using reducing agents, such as Sn?* [Nowak, 1998 Saha, 2004]. In
the course of these reactions the TcO4 ions are reduced to lower valency Tc
species, “reduced Tc”, that are easily complexed by selected agents while the Sn?+
ions are simultaneously oxidised to Sn**. The latter, however, are hard to remove
from the reaction mixture and can be present in the radiopharmaceutical
administered to the patient even after several steps of purification. Therefore, there
is a growing interest in alternative methods of the pertechnetates reduction that do
not require presence of reducing agents. Electrochemical reduction of TcO4 ions on
solid electrodes offers an interesting alternative to the chemical reduction approach.
This is a "pure" method of generation of desirable forms of the element but its
succesfull application requires thorough knowledge of technetium electrochemistry.
Despite the fact that the electrochemical properties of technetium have been the
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subject of research since the end of the 1930s, many aspects of technetium
electrochemistry, particularly stability of its ionic forms in aqueous solutions, have
not been discussed in detail so far. The most important aspects of technetium
electrochemistry which require a thorough analysis include:

a) influence of the electrolyte solution composition on processes of reduction of
the pertechnetates, especially composition and structure of generated products;

b) mechanism of formation of Tc(IV)polymer forms, proposed pathways include
a synproporation between Tc(lll) and Tc(VIl) to dimers, such as [Tc202])3+4+ and
a direct polymerization of electrogenerated TcO?* ions,

c) standard red-ox potential values of various red-ox couples containing
“reduced” technetium, e.g. Tc (IV) and Tc (lll),

d) spectroscopic characterisation of unstable technetium forms, e.g. Tc (V) and
Tc ().

For these reasons, | decided to perform detailed spectroelectrochemical studies
with the aim of extending our knowledge on technetium electrochemistry.

Apart from the medical applications the red-ox processes of technetium play
a very important role in many aspects of industrial management of radioactive
waste, including:

a) reprocessing of spent nuclear fuel in extraction processes (e.g. PUREX,
UREX)

b) disposal and storage of liquid radioactive waste.

Relatively large amounts of technetium are produced during normal operation of
a light-water nuclear reactor [DOE, 1996]. About 6% of 23U fissions leads to
generation of %Tc, a long-lived isotope with a half-life of 2.11-10% years. Thus,
1 ton of spent fuel with an initial enrichment at level 3.2% and burnup 45 GWd / tHM
contains approximately 1 kg of ®¥Tc [Bonnerot, 2005].

Nuclear fuel reprocessing is one of the most important methods of its disposal.
Currently, PUREX (Plutonium Uranium Recovery by Extraction) is the only method
of nuclear fuel reprocessing that found a practical industrial application in large-
scale facilities. A simplified scheme of the PUREX is shown in Figure 1 [Lieser,
2001]. This process relies on ability of TBP (tri-n-butyl phosphate) to extract
uranium (VI) and plutonium(1V) (as well as plutonium(VI)) from aqueous to organic
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phase without extracting fission products and other cations containing actinides
(e.g. NpO?+).

. o extraction o .
dissolution in conc. fission products in

HNO, > (30% TBP > aqueous phase
e.g. in n-dodecane)

!

uranium and selective reduction
plutonium in —>| of plutonium(IV and
organic phase V1) to plutonium(lll)
|
v )2
uranium in plutonium in

uranium in organic

h L
aqueous phase ohase

aqueous phase

Figure 1. Simplified schematic of the main stages of the PUREX process.

The PUREX process is carried out in several stages:

a) dissolution of spent nuclear fuel in concentrated nitric acid,

b) extraction of uranium and plutonium from the aqueous phase (1-83M

HNO3) to the organic one (e.g. n-dodecane) using TBP (typically a 30%

solution)

c) reduction of Pu*+ to Pu3* using selective reducers, such as Fe?* or N2Ha.

d) reextraction of reduced plutonium (Pu3*) from the organic to the agueous

phase

e) reextraction of uranium from the organic to the aqueous phase using

diluted HNOs

In order to obtain high purity salts of U and Pu, the extraction and reextraction

processes are repeated several times until satisfied results are obtained. Further

purification can be carried out using ion exchange resins.
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Biologically hazardous products of 23U fission, such as '¥’Cs or ®Sr, are not
extracted from aqueous nitric acid solutions to the organic phase and remain in the
water stream. Unfortunately, technetium as pertechnetates (TcO4) undergoes a co-
extraction with uranyl ions into the organic phase (equation (1)). Despite of
numerous studies on PUREX process, this co-extraction phenomenon remains a
serious problem which strongly complicates uranium and plutonium purification
[Jassim, 1984; Garraway, 1984; Dileep, 2008].

TcOs + UO2%* + NO3 + 2TBP = UO2(Tc04)(NO3)-2TBP org) (1)

Although reaction 1 is not very efficient (distribution coefficient, D1c (org./aq.) <1 [e.Q.
Dileep 2008, Pruett 1984]), it results in a considerable contamination of the organic
phase with ®°Tc. In addition, selective reducers such as, U*, N2H4, or Fe2*, which
are used for reduction of Pu** to Pu3* also reduce the pertechnetates [Dileep, 2008]
(equations (2) - (3)):

2TcO4 + 3U* + 2H20 - 2TcO2 + 3UO2%* + 4H* (2)
3N2H4 + 4TcO4 + 4H* - 4TcO2 + 3Nz + 8H20 (3)

Reduced technetium species, such as TcO2 from reactions 2 and 3, can be
oxidised by nitrates from dissociation of HNOs, according to a simplified scheme (4):

TcO2 + 3NO3™ + 2H* - TcO4™ + 3NO + H20 (4)

Most of the literature reports technetium dioxide as the end product of reactions
2 and 3 and assumes molecular TcO:2 as a species containing the lowest oxidation
state of technetium stable in aqueous solutions [Dileep, 2008]. Formation of stable
ionic species containing reduced technetium is usually disregarded in the literature.
Similarly, only a handful of papers point out to formation of unstable Tc(V) and
Tc(IV) species which are reduced to some Tc(IV) forms [Ozawa, 2003].

Finally, the technetium participates in red-ox reactions with actinides, e.g.
plutonium and neptunium, and these reactions additionally complicate the extraction
process. This is one of the factors that dictates application of a strict control of
uranium contamination with Tc [IAEA, 2007].
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In order to reduce content of the technetium contaminants in the ,uranium
fraction”, a series of techniques, based on selective reduction of pertechnetates, is
proposed. For example, the extraction coupled with ion exchange with resins has
been proposed and was a subject of patent applications [Pruett, 1984; Friedman
1985; Gong, 2008]. Extraction of technetium from an aqueous to an organic phase
in the absence of actinides was also investigated by several authors [El-Kot, 1992;
Schwochau, 2000; Spitsyn 1981].

Technetium studies related to the nuclear power industry focus on acidic
solutions which are the main aqueous media used in the extraction processes.
Considerably less articles deal with technetium chemistry in aqueous alkaline
solutions [Robbins, 2013] although this topic is important for liquid radioactive waste
storage sector of the nuclear industry. For instance, 28.4 thousand tons of liquid
waste and 4.7 thousand tons of highly radioactive sludge are stored in Hanford Site,
USA [Min. Energii USA, 1]. The total activity of ®Tc collected in this facility is
estimated at approx. 26,000 Ci (9.62 TBq) [Min. Energii, USA, 2]. Long term storage
of liquid solutions with extremely high ionic strength and pH in stainless steel tanks
accelerates corrosion of the latter. The corrosion rate strongly depends on
composition of the liquid phase being in contact with corroding surfaces and it is
known that technetium can inhibit corrosion of the iron [Pourbaix, 1966; Cartledge,
1971; Magee, 1974].

Knowledge about stability of ionic species containing technetium with various
valences is very important for understanding numerous processes crucial for the
nuclear medicine and for the nuclear power industry. Detailed description of the
electroreduction of TcOs in the aqueous environment is the subject of seven
articles included in the habilitation application [H1-H7]. Additional paper [H8]
focuses on extraction of pertechnetates from aqueous to ionic liquids phases.

The articles [H1-H4] focus on studies of pertechnetates electroreduction in an
acidic environment. Paper [H5] deals with studies on interaction of ionic forms of Tc
with Np in an acidic environment [H5]. Pertechnetate ions reduction in an alkaline
environment is discussed in paper [H6]. Processes of extraction of individual ionic
forms of technetium in aqueous acid solutions/organic solvent systems are covered
by publications [H7] and [H8].
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Electrochemical and spectroscopic properties of ionic forms of technetium

in acidic solutions

Scientific research on electrochemical properties of inorganic technetium
compounds started already at the end of 1930s. Shortly after discovery of Tc, the
43rd element in the periodic table [Perrier, 1937], its small amounts were
electrochemically deposited from an acidic solution on a platinum substrate [Perrier,
1989] using a procedure developed several years earlier for rhenium
electrodeposition [Hélemann, 1933]. Since then, numerous works focused on
electroreduction of pertechnetates in aqueous media appeared in scientific journals.

As it was mentioned above (page 8, equation 2), most of the authors indicates
TcOz2 as the final product of TcO4 ions reduction in the acidic environment. This
reaction, however, cannot be completed in a single step. Pihlar [Pihlar, 1979]
proposed a multi-step mechanism which starts with electroreduction of TcO4 ions to
Tc(VI) containing TcOs (equation (5)):

TcO4 + 2H* + € —»TcO3 + H20 (5)

Also other authors [e.g. Horanyi, 1994; Courson 1999] pointed to possible
generation of unstable Tc (V) and Tc (VI) species in the initial stages of the
discussed process. Both Tc (VI) and Tc (V) are very unstable and undergo

disproportionation reactions (equations (6) - (7)):

2Te(VI) — Te(V) + Te(VII) (6)
3Tc(V) — 2Tc(IV) + Te(VI) (7)

Results presented in [H1] indicate the possibility of generation Tc(VI) and Tc (V)
species in the initial steps of the electroreduction of pertechnetates. An analysis of
results of rotating disc-ring electrode experiments show indicate formation of Tc(V)
species in sulfuric acid solutions. Due to their instability these species cannot be
detected using UV-Vis spectroscopy. Generation of Tc(VI) was deduced on the
basis of calculated change of standard entropy accompanying the TcOs formation
reaction. The experimentally determined value of the reaction standard entropy is

10



Maciej Chotkowski, Ph.D.
Appendix 3

equal to -53,1 J M''K-" and is close to the value of -57.25 J M-'K'" calculated on the
basis of the literature data [Rard, 1983].

Chronoamperometric measurements produced results which | have analysed in
terms of most common reaction models which involve mixed electrochemical-

chemical mechanisms [Compton, 2011] (equation (8) - (10)):

ECE: A+e—B;B «C(rds);C+e«< D dEp/dlogv = 30; 0Ep/oc =0  (8)
DISP1:A+e - B;B «~ C(rds);B+C « A+ D dEp/dlogv = 30; dEp/dc = 0 (9)
DISP2: A+e —~B;B <~ C;B+C < A+ D (rds) dEp/dlogv = 20; dEp/dc = 20 (10)

(rds) — rate determining step

The measurements allowed determining dEp/dlogv and dEp/dc values for reduction
of pertechnetates in the acidic solutions. These values are equal to 14 and 0,
respectively, clearly indicating that this process is significantly more complex
than simple ECE or DISP mechanisms. Cyclic voltammetry measurements
carried out in aqueous electrolytes containing pertechnetates and sulfuric acid with
various concentrations (Figure 2) allowed me to analyse influence of the solution
acidity on reduction of the pertechnetates. Voltammetry curves reveal currents due
to red-ox of technetium at potentials lower than ca. 1.1 V, and currents due to
oxidation and reduction of surface of gold substrate which are located above ca. 1
V. An analysis shows that an increase in the solution acidity enhances currents of
the reduction peak (peak 1) which is attributed to generation of Tc(VI) and Tc(V) on
the electrode surfaces (Figure 2). The next reduction signal, very wide peak (2), is
associated with formation of Tc (lll) and Tc (IV) species. Anodic section of the
voltammetric curves recorded after changing direction of the potential scan reveals
3 partially overlapping current peaks located below ca. 1.1 V and related to
electrochemical reactions of technetium. The first of them, peak 3, is attributed to
oxidation of Tc (lll) forms to Tc (V). The smallest of the anodic signals, peak 4, is
related to the oxidation of Tc(V) and Tc(VI) to Tc (VIl). The last of the anodic
signals, asymmetric peak 5 which currents have the highest values for 1 M H2SO4,
is connected with oxidation of polymeric forms of Tc(IV) to Tc (VII). All these
observations are reported and discussed in detail in publication [H1].

11
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Figure 2. Typical cyclic voltammograms recorded for a gold electrode in H.SO, solutions
with 1 mM KTcO., scan rate of 100 mVs™,

Further investigations of the TcO4 ion electroreduction in acidic solutions were
carried out using thin-layer Au/RVC-OTTLE ([H2]) or RVC-OTTLE ([H3]) spectro-
electrochemical cells.

The results presented in the publication [H2] indicate a significant influence of
the electrode material on the process of pertechnetates electroreduction in
acidic solutions. This effect was not reported in the literature until now and was
shown for the first time in [H2]. Only gold electrodes reveal well-shaped current
peaks due to red-ox reactions of Tc, they include two very strong reduction waves
and three oxidation signals. The electrochemical signals recorded using a platinum
electrode are very similar to those reported for electrolytes containing rhenium
[Méndez, 2003; Szabd, 2004]. The latter indicate a strong adsorption of ReOg4 ions
on the electrode surface and formation of ReOz2 oxides as well as Re20s5 and ReOs3
during the perrhenates electroreduction. Currents due to oxidation and reduction of
Tc on glassy carbon (GC), which was the third type of the electrode material studied
by me in the course of the research reported in [H2], are much weaker developed
as compared to Au and Pt substrates. Results of electrochemical measurements
performed on Au, Pt and GC (glassy carbon) under hydrodynamic conditions led to

me to the conclusion that well-developed limiting currents of red-ox reactions of
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technetium are observed only for gold surface. These currents are due to
reduction of Tc(VIl) ions to Tc(lll, 1V). Activation energy of these reactions
determined by me in [H2] is in the order of dozen of kJ mol' and decreases with an
increase in the acid concentration. Additional spectroelectrochemical
measurements carried out using a Au/RVC-OTTLE system enabled me to
determine the standard redox potential, E° for [Tc(u-O)2Tc]*+/TcO(OH) red-ox
couple. Its value is equal to 512 mV (vs. SHE) and is very close to 516 mV reported
in the literature for Tc(IV)/Tc(lll) [Rard, 1983]. The latter E° value is the only one
reported so far in the literature for Tc(lll, 1V)poymer/Tc(l1l) system.

Results of spectroelectrochemical studies with RVC as a working electrode
reported in [H3] were analysed using a procedure proposed by Marassi et al.
[Zamponi, 1992; Zamponi 1989]. This approach enables deconvolution of
overlapped spectroscopic signals into separate waves with maxima at 320 and 500
nm. Both these bands are very often observed for Tc containing aqueous acidic
solutions but until now they were attributed to the same technetium species. In [H3]
| have shown for the first time that the bands at 320 and 500 nm are attributed to
separate forms of Tc(IV). The ionic form of technetium(IV) connected with the
wave with maximum at 320 nm is easier to oxidize than polymeric forms of
Tc(IV or IILIV) which are characterized by the wave with the maximum at 500 nm.
Additionally, Tc(lll) is also generated during the electroreduction of Tc(VIl). This
form of technetium is responsible for formation of a wave with a maximum at ca.
440 nm.

On the basis of spectroelectrochemical measurements (UV-Vis) | identified two
additional ionic forms of technetium which are generated during the electrochemical
reduction of pertechnetates in aqueous acidic solutions:

a) polymeric forms of Tc(lll,IV or 1V) characterized by a wave with a maximum

at ca. 500 nm

b) oxotechnetium(IV), TcO?* ions, characterized by a wave with a maximum

at 400 nm.

In my further research, reported in [H4], | extended range of the acid
concentrations up to extremely acidic solutions containing 12M H2SOs4. In these
electrolytes | recorded generation of Tc(V) forms. Analysis of
spectroelectrochemical results (SERS) showed existence of a band at 792 cm!
which has not reported in previous literature. This band most likely
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corresponds to Tc(V). The latter species appears when the Tc(lV) deposit is
oxidized on the electrode surface in 4M H2SOa4. Preliminary tests carried out in a
system containing pertechnetates and H* showed that irradiation of the electrode
surface with a laser beam with a power of 1 mW leads to a photo-reduction of
TcO4 to TcO2 or Tc(lV) polymeric forms. This conclusion has a very important
practical significance and described effect must be taken into account in Raman
Surface Enhance Spectroscopy studies, particularly those devoted to determination
of Tc concentration in aqueous solutions [Gu, 2007].

Concentration of strongly concentrated solutions of salts or acids has a strong
influence on solution’s viscosity and, as a consequence, also on diffusion
coefficients of ions. As an example, the kinematic viscosity of 8M H2SOs at 25°C is
about 3 times higher as compared to 0.5M H2SOs4 [Rhodes, 1923]. The
concentration influence on the diffusion coefficient must be taken into account in
analysis of electrochemical equations which contain this parameters, e.g. Levich,
Randles-Sevcik, Cottrell or Sand equations. In order to avoid discussion of
concentration influence on diffusion coefficients | combined the Sand equation,
which shows a relation between the transition time an the current density (1172 = f (j-
), with the Koutecky-Levich equation which describes influence of the electrode
rotation rate on the current density as a function of (j' = f (@ 2). Such approach
allows me determining number of the electrons exchanged in the first step of the
Tc(VII) electroreduction process (n = 2) without knowledge of the value of the
pertechnetates diffusion coefficient in 8M H2SQO4. The Tc(V) containing TcO3%* ions
are stable in concentrated H2SO4 solutions as it was shown by Poineau et al.
[Poineau, 2013].

On the basis of an analysis of voltabsorbommograms | proposed a mechanism
of generation of polymeric technetium(lllLIV and [V) forms during the
electroreduction of pertechnetates in acidic solutions. There are two reaction
pathways which lead to their formation: a polymerization of monomeric forms
of Tc(lll) and Tc(IV) and a synoproporation of Tc(VIl) and Tc(lll), which are
schematically presented by equations (11) - (13):

TcO* + TcO?* - [Tc2023+ (11)
TcO?* + TcO?* - [Tc202]* (12)
TcO4 + 3TcO* + 6H* - 2[Tc202]* + 3H20 (13)

14
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Application of differential pulse voltammetry (DPV) allowed me to determine
detection limits of the pertechnetates in concentrated sulfuric acid solutions in
presence of impurities, such as Fe®* or Cl- ions. These detection limits are in the
range of 1 micromol dm= and are higher than those reported described in the
literature [Torres, 1988; Ruf, 1988; El-Reefy, 1990]. It should be noted that [H4] is
the first paper which reports analytical determination of trace amounts of Tc in such
high concentrated acid solutions as 8 M.

In order to extent our knowledge about chemical processes of technetium in
nucleaer waste containing actinides | have conducted additional research on
interactions of ionic forms of neptunium(lll, IV and VI) with ionic forms of
technetium. Results of these studies are reported in work [H5]. NpO2* ions are
assumed to be the most stable forms of neptunium present in acidic solutions
[Chairman, 2001] and their disproportionation, if possible, is considered as a very
slow process [Lemire, 2001]. Np** ions appeared to be stable in 4 M H2SO4. Most of
scientific research carried out with solutions containing ionic forms of Tc and Np
reported so far was focused on spectroscopic measurements [Zhou, 2014;
Marchenko, 2008], less often applied electrochemical techniques were used only to
reduce Tc or selected actinides [Ozawa, 2003].

The electrochemical studies of processes involving ionic species containing Tc
and Np which were included in my research on technetium electrochemistry were
carried out in strongly acidic solutions. The results obtained in the course of these
studies show that the presence of Np** ions does not affect the electroreduction of
pertechnetates nor the oxidation of reduced forms of Tc. Np3* ions, on the other
hand, exhibit strong reducing properties towards Tc(VIl) which are reduced to Tc(1V)
with a polymeric rather than a simple oxide structure. The reactions which occur
between the reduced forms of technetium, e.g. TcO?*, TcO*, Tc(IV)-polymer, and
NpO22* ions lead to formation of unstable Tc(V) and Np(V) ions. Such generated
tThe Tc(V) containing ions are characterized by a wave with a maximum at approx.
460 nm while the Np(V) ions generate a signal at ca. 980 nm. The rate of oxidation
of reduced Tc species varies depending on their structure. | have found that Tc(lll)
tends to be oxidized by Np(VI) most rapidly while the slowest oxidation rate
was recorded for polymeric forms of Tc(IV).

The electrochemical reactions of the pertechnetates which take place on
surfaces of solid electrodes strongly depend on chemical form of Np present in the
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solution and are distinctly different for a strong oxidant, such as NpO2?* ion, and for
a strong reducer, such as as Np3* ion.

A comparison of voltammetric curves recorded in acidic solutions of
pertechnetates in presence and absence of Np species shows that a very fast
oxidation of Tc(V) by Np(VI) leads to disappearance of the first wave of the
pertechnetates electroreduction observed for the electrolytes free of neptunium
(peak 1 in Fig. 2). Np3* ions reduce TcOas and this process results in formation of
polymeric forms of Tc(lV). An additional consequence of presence of the Np
containing ions in the electrolyte is formation of a large reduction wave seen on
voltammetric curves below 0.6 V. These currents are associated with red-ox
processes between technetium species at lower oxidation states.

Electrochemical and spectroscopic properties of ionic forms of technetium present

in alkaline solutions

Red-ox processes of pertechnetates in alkaline solutions are poorly resolved
with only a handful of papers focused on this topic. Publication [H6] deals with
electrochemical and spectroelectrochemical studies on oxidation and reduction of
inorganic forms of technetium in NaOH solutions with a wide range of
concentrations from 0.3M to 10.6M NaOH.

Most of the research on pertechnetates electroreduction in alkaline solutions
published so far focus mainly on stability of Tc(V) and Tc(VI) species [Rard, 1999;
Kissel, 1969]. The earliest of these works shows that ionic forms of Tc(VI) are very
unstable in alkaline solutions [Kissel, 1969]. The rate constant of their
disproportionation calculated by Deutsch et al. [Deutsch, 1978] is equal to 2.48 *
0.05 - 10'9 M-'s™". This disproportionation reaction, which is usually described using
a net equation (14):

2TcO42 2 TcO4 + TcO4® (14)

is a complex process and, according to Founta et al. [Founta, 1987] involves
hydrolysis of Tc (VI) according to equations (15) and (16):
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TcO4? + H2O = TcO3(OH) + OH- (15)
TcO3(OH) + H20 = (TcO)O(OH)s (16)

Therefore, a more proper net equation of this reaction should be as follows (17):

TcO4#? + (TCO)O(OH)s = TcOs + (TCO)O(OH)s> ki = v. fast; ko = v. slow  (17)

The same authors found that Tc(lV) (with undefined structure) is the most
probable product of the pertechnetates reduction in alkaline solutions.

The results of my research show that the reduction of TcO4 ions leads to
various products depending on the NaOH concentration. Results of
spectroelectrochemical measurements enabled me to draw a conclusion that the
main products of the discussed process taking place in 0.3M NaOH are hydrated
TcO:2 and TcO4* ions characterized by a wave in the Vis range with a maximum at
approx. 460 nm. The SERS measurements showed that these forms, Tc (V), are
characterized by a band with a maximum at approx. 700 cm-'.

The predominant reduced forms of Tc present in highly concentrated
NaOH solutions are Tc(IV) polymeric structures which absorb the light in the Vis
range (Amax = 500 nm). Similarly to the results obtained in highly concentrated acid
solutions, also strongly alkaline solutions reveal formation of a well-developed
limiting current under hydrodynamic conditions. An analysis of the limiting current
using Koutecky-Levich equation shows that the process of the pertechnetates
electroreduction leads to generation of a mixture of Tc(lV) and Tc(V) forms.

Simulation and modeling of the processes of oxidation of the reduced Tc
species taking place in alkaline solutions enable me to conclude that
that this process follows two parallel pathways, one with surface processes only
controlled by kinetics and another one with reactions controlled by diffusion in the
electrolyte. The slowest step turned out to be the oxidation of the most likely
polymeric forms Tc(lV) to Tc(V) (ko = 7.2 - 10% s'cm?) and Tc(V) to Tc(VI)
(ko = 1.8 - 10 s''cm) associated by diffusion of these species in the electrolyte.
Processes involving deposits or adsorbates containing technetium are much faster.
In this case, the oxidation of Tc(VI) to Tc(VIl) (ko = 0.5 + 2 s'cm™) is the fastest
step. These are the first rate constant values published in the literature for the

oxidation of Tc(IV) to Tc(VIl) in an alkaline solutions.
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Extraction of ionic forms of technetium in selected liquid-liquid systems.

Most of the research devoted to the process of extraction of ionic forms of
technetium from aqueous to organic phase focus on pertechnetates as the most
common ionic form of Tc [Schwochau, 2000; Spitsyn, 1981; Boyd, 1960; Campbell,
1963; El-Kot, 1992; Pruett, 1981]. Only few papers deal with results of studies on
extraction of the reduced forms of technetium [Shkrob, 2011; Kumari, 2010]. It
follows that the latter Tc forms, eg. complexed Tc(IV) species, are much less
extracted from the aqueous to organic phase than the pertechnetates. The latter
effect has a strong impact on the process of effective separation of technetium and
uranium.

The experience gained in the course of the research reported in publications
[xx] allowed me to develop methods of generation of specified reduced ionic forms
of technetium with a required structure through electrochemical reduction of the
pertechnetates.

The results presented in the publication [H7] describe the process of the
extraction of the reduced forms of technetium in systems containing H2SO4 + HNOs3
as an aqueous phase and kerosene containing 30% TBP as an organic medium.
The reduced technetium forms were obtained by means of chronoamperometric
reduction of TcO4 in a thin-layer cell. The distribution coefficients of
investigated Tc reduced forms between aqueous (4M H2SOs4 + HNOs3) and
organic phase are several times smaller than those for of pertechnetates
under the same conditions from. Nitrate ions act as strong oxidants in acidic
solutions and slowly oxidise Tc(lll), TcO2 or Tc(lV) polymeric forms to TcO4 ions.
These processes are reflected by the slow increase of distribution coefficient, Dtc
(org)/(aq), as a function of time of contact of both phases. Thus, for 4M H2SO4
(+0.14M HNO:s3) as the aqueous phase the distribution coefficient of Tc(lll) is equal
to only ca. 70% of the value measured for pertechnetates. For TcO2 + or Tc (IV)
polymeric systems, the distribution coefficients are even smaller and constitute from
52% to 31% of the value for the pertechneates, respectively. The Drc of reduced Tc
species measured in 0.5M H2SO4 (+0.14 M HNOgs) after 35 min. from contacting
both phases are at the level of 80% of the value for pertechnetates. These results
clearly show that the extraction of reduced forms of technetium in aqueous
acidic solution/TBP systems in kerosene is much weaker than for
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pertechnetates, even after a prolonged contact of aqueous and organic
phases. In publication [H7] | also show that the rate of oxidation of reduced Tc
forms by nitrates in acidic solutions is relatively slow. This knowledge would be
helpful in further development of extraction processes used to separate technetium
from other radionuclides, especially uranium.

Apart from studies on the extraction of reduced, ionic forms of technetium, to
the organic phase based on kerosene or n-dodecane my research include also
analysis of the extraction of technetium (VII) ions from the aqueous phase
containing nitric acid (V) to ionic liquids as the other type of the organic phase. The
ionic liquids are referred to as programmable solvents due to possibility to control
their properties by changing structures of cations or anions [Handy, 2011]. Their
moderate stability under irradiation conditions [Mincher, 2014] makes them solvents
of potential interest for application in systems used for separation of uranium from
trace amounts of technetium.

The process of extraction of pertechnetates from the aqueous phase to ionic
liquids can be described by equation (18) [Stepinski, 2010]:

TcO4 (ag) + [A*][BJiorg) = [A+][TcOs]iorg) + [Baq) (18)

It is worth mentioning that studies on the solubility of tetra (CnHzn+1) ammonium
pertechnetates salts carried out by Peretrukhin et al. [Peretrukhin, 2008] have
shown that their solubility in water decreases as the aliphatic chains are extended.
Considering this fact and taking into account the lack of systematic data on the
extraction of technetium in HNOs / selected ionic liquids systems, | focused my
research on analysis of how the extraction of pertechnatets into the ionic liquid
phase is affected by the following factors:

a) concentration of the acid in the aqueous phase (0.1-8 M HNO3)

b) temperature (25, 50 and 70°C)

c) contacting time of both phases (aqueous and organic)

d) technetium concentration in the aqueous phase

e) type of cation and anion of the ionic liquid.

The results of these works are described in publication [H8].

Amongst the 7 analyzed ionic liquids with imidazolium, sulfonium, phosphonium,
pyridine and alkylammonium cations and bis((trifluoromethyl)sulfonyl)imide and
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hexafluorophosphate anions the relatively efficient extraction of the
pertechnetates is observed only for ionic liquids with alkylammonium cations
with long aliphatic chains, e.g. methyltrioctylammonium
bis((trifluoromethyl)sulfonyl))imide. The highest value of the technetium distribution
coefficient, D1c(org)/(aq), is equal to 18.85 and was measured for 60 micromoldm-3
TcOs + 0.1M HNOs / methyltrioctylammonium bis((trifluoromethylsulfonyl))imide
system at 25°C. The efficiency of the extraction process increases with the decrease
in the acid concentration. Further on, an increase in the concentration of the
pertechnetates in the aqueous phase leads to a decrease in Drc to the value of 1 for
a solution containing 3 mmoldm=2 of TcOs. No significant influence of the cation
identity on the Tc partition coefficient was observed for ionic liquids with sulfonium,
phosphonium or pyridinium cations and for all these liquids the Drc is in the range
from ca. 0.1 to ca. 1. It was also shown that the extraction of the pertechnetates from
the aqueous to the ionic liquids is a relatively slow process and the dynamic
equilibrium between both phases is established only after about 30 minutes of
shaking.

Industrial processes of purification of substances from technetium require very
fast transfer of Tc containing species from organic phases so the latter can be used
multiple times in the extraction process. Removal of technetium form ionic liquids
without use of appropriate reducers proved to be inefficient. In addition, ionic liquids
with hexafluorophosphate anions are not suitable for carrying out extraction in
systems in which the aqueous phase is strongly acidic. PFs anions undergo
hydrolysis in presence of H* anions and such decomposition of the ionic liquids leads
to disappearance of the boundary between both phases.
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D) Summary

The series of the scientific works included in the habilitation application
discusses electrochemical and spectroscopic properties of ionic forms of technetium
strongly acidic and alkaline solutions. These works also discuss the process of the
extraction of technetium in various liquid-liquid systems. The subjects of the
research are very important for understanding oxidation-reduction processes of
ionic forms of technetium. Many aspects of the technetium chemistry, such as
stability of Tc (IV) polymer forms and mechanism of their formation, have been
described for the first time in this series of publications.

The electrochemical processes involving technetium are complex and very
difficult to interpret due to existence of numerous oxidation states of this element.
Chemical behavior of technetium in aqueous media is additionally complicated by
chemical reactions, such as hydrolysis, syn- and disproportionation, taking place
simultaneously to the electrochemical processes. Finally, any research involving
technetium must be carried out in radiochemical laboratories due to radioactivity of
this element. As a result, only few research groups in the world (e.g. in USA, Russia
and France) are involved in research on the technetium electrochemistry. As result,
publications which focus on this subject are directed to a relatively narrow scientific
audience and are published mainly in highly specialized scientific journals with
moderate values of the impact factor (IF, e.g. Journal of Radioanalytical and
Nuclear Chemistry).

The summary of my accomplishments described in the series of publications:

1. Based on spectroelectrochemical measurements, | was able to
determine the ionic forms of technetium in which this element occurs
on the lll, IV or V oxidation states:

a) Tc (Il): Amax = 440 nm

b) Tc (IV): Amax = 320 nm (I determined that this structure is different
from the well-described in the literature polymeric form of Tc (1V))

c) Tc (V): Amax = 460 nm
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2. Based on SERS spectroscopy, | observed (not described so far in
literature) the reduced forms of Tc by the bands with maxima at
792 cm (acidic solutions) or 700 cm™' (alkaline solutions).

3. | have observed that strongly acidic solutions causes Tc(V)
stabilization, which is manifested by the separation of signals from
electrochemical processes associated with the reduction of Tc(VII) to
Tc(V) and Tc(V) to Tc(lll, 1V). Potentially, it can be used in the
determination of technetium in the presence of contaminants such as
Fe3* and NOs during rapid determinations of the content of this
element in strongly acidic solutions of radioactive waste.

4. | have described the strong influence of the surface on the recorded
current signals related to electrochemical processes involving ionic
forms of technetium. At the same time, the best-developed current
signals are observed for gold. These results can be used to develop an
efficient, electrochemical method of obtaining desirable, reduced forms
of technetium, useful in nuclear medicine.

5. In systems containing ionic forms of technetium and neptunium, |
observed the formation of transient forms of Tc(V) and Np(V). This
description is the first available in the literature taking into account the
deliberations concerning various, reduced forms of technetium, in
particular Tc(lll) and Tc(1V).

6. | determined that ionic forms of Tc, in which this element occurs as
[Tc202]%4+, are definitely less extracted from the aqueous to organic
phase compared to TcOas ions. Their oxidation under the influence of
HNOs proceeds relatively slowly, which apart from co-extraction of
pertechnetates with uranyl ions, explains the occurrence of technetium
in all stages of reprocessing of spent nuclear fuel. This problem is a
serious challenge for technologists trying to improve the separation
technologies in the nuclear industry based on liquid-liquid extractions

with reducers.

| intend to continue research on the electrochemical properties of
technetium, paying particular attention to:
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optimization of the process of obtaining cationic Tc forms from
pertechnetates, especially TcO3* and Tc3* (including in non-aqueous
solutions), which in the presence of chelating substances can be used
to develop an electrochemical procedure for preparation of
radiopharmaceutical free of impurities (e.g. reducing agent such as
tin).

identification and description of the stability, undiscovered so far in
aqueous solutions (but suggested in the literature) of the Tc?* cation
(as the Mn2* analogue). This issue is important from the point of view
of understanding the basic chemistry of technetium.

. electrodeposition of metallic technetium from the solutions containing
pertechnetates without losses caused by the generation of Tc(IV)
polymer forms. Precision description of this process will be used for
effective separation of Tc from radioactive waste containing fission

products.
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V. Other scientific publications and achievements

A) Bibliographic summary of the scientific achievements

Total number of publications: 22

Total impact factor (according to the year of publication): 57.308

Total number of citations based on Web of Science as of | 140
December 6, 2018:

Total number of citations without self-citations as of December | 122
6, 2018:

Hirsch index : 7

My scientific interest mainly focuses on various aspects of the
electrochemistry of transition elements. Although the latter topic is my main field of
expertise, | was also involved in studies on electrochemistry of various organic

compounds and physicochemical properties of selected gases.

The main subject of my Masters Thesis research was analysis of
electooxidation of Mn?* ions in acidic solutions. My PhD thesis was supervised by
Professor Andrzej Czerwinski and focused on spectroelectrochemical studies on
reduction of permanganates and perrhenates in aqueous media. The results of the
research on the electrochemical and spectroelectrochemical properties of
manganese compounds are reported in publications B1-B6.

After completing my PhD thesis | participated in various scientific research
related both to the nuclear chemistry and non-nuclear aspects of the chemical
sciences. The topics of the latter studies that are not related to the habilitation
application are briefly summarised in this paragraph. Thus, | conducted research
focused on the methods of preparation of platinum and platinum alloys catalysts
with potential application in fuel cells systems. These catalysts were obtained by
means of electrodeposition (PtRhRu alloys, B7) and decomposition of platinum
carbonyls (B9). | was engaged in scientific cooperation with Professor Daniel Gryko
which focused on electrochemical studies on selected organic red-ox systems.

These include photosensitive, cyclic organic systems based on e.g. derivatives of
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corroles or porphyrins and an analysis of the electrochemical data allowed me to
determine several electrochemical parameters, including respective E12 values, of
the electrochemical processes involving these compounds (B8, B10, B12, B13).
Another one of the research projects in which | have been involved was devoted to
detection of noble gas radioisotopes (Xe-133); the results of these studies are
reported in publication B10.

During a short-term postdoctoral internship at the Tokyo Institute of
Technology | started a new research project related to the treatment of nuclear
waste, which | have continued after returning to the country. A patent pending low-
temperature decomposition of transition metal hexacyanoferrates has been
developed in this research project. These compounds are the “key adsorbents”
which are used for removal of radioactive contaminations, such as Cs-137, which
are released to the environment during nuclear accidents in nuclear power plants.
While radiochemistry remains my main field of the scientific research, | have also
participated in the studies aimed at NMR characterization of hydrogen
isotopologues (B14).

B) List of the publications published in scientific journals from the
Journal Citation Reports database (with the exception of the papers
listed in chapter IV and included in the habilitation application). IF
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