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PLE-I00, (Id: 450) 
ADVENTURES IN ACTINIDE NUCLEAR AND RADIOCHEMISTRY 

Heino Nitsche 

UC Berkeley and Lawrence Berkeley National Laboratory 
hnitsche@berkeley.edu 
 

In the spirit of the Hevesy Award, this talk will cover selected examples of my research during the last four decades. 
My work has been focused on the chemistry of the actinides and the superheavy elements. I will discuss research 
within actinide chemistry related to solution thermodynamics of uranium, neptunium, plutonium, and americium, as 
well as their sorption and biological interactions with geologic matrices, for the performance assessment of potential 
high-level nuclear waste repositories and environmental remediation. Additionally, I will present my work on the 
physics and chemistry of the heaviest elements, including the confirmation of new elements, discovery of new 
isotopes, and one-atom-at-a-time chemistry. 
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PLE-I01, (Id: 446) 
FUKUSHIMA ACCIDENT: RADIOACTIVITY IMPACT ON ENVIRONMENT, LAND AND OCEAN 

Michio Aoyama  

Institute of Environmental Radioactivity, Fukushima University 
r706@ipc.fukushima-u.ac.jp 
 

Radioactive materials were released to the environment from the Tokyo Electric Power Company Fukushima Dai-ichi 
Nuclear Power Plant (FNPP1) as a result of reactor accidents caused by a total loss of electric power (black out) after 
the Tohoku earthquake and tsunami on 11 March 2011. Radioactive materials were emitted into the atmosphere and 
transferred to the land and ocean through wet and dry deposition. In addition, highly contaminated water was directly 
released to the ocean. Therefore radioactive materials were released to the ocean by two major pathways, atmospheric 
deposition and direct release from the site.  

Regarding with 137Cs, ca. 2% of 137Cs (15 PBq) of total inventory of the three melt down cores of which total inventory 
was 700 PBq, were released into the atmosphere then 80 % of atmospheric release were deposited in the ocean. 
Twenty percent of 137Cs (141 PBq) were dissolved in the stagnant water in turbine buildings and surrounding areas by 
the accident. 0.5 % of 137Cs (3.5 +- 0.7 PBq) were directly released in the ocean. Since the 134Cs to 137Cs activity ratio 
was almost 1 at the time of the accident, same amount of 134Cs were injected in the environment as well as that of 137Cs 
stated above. The total amount of deposited 137Cs in Japan was estimated to be 2.9 PBq based on aerial monitoring in 
Fukushima prefecture and daily deposition monitoring at 50 stations in each prefecture. 

The oceans are important sinks of anthropogenic pollutants, such as radionuclides, heavy metals and organic 
compounds, that are mainly atmospherically derived and/or directly discharged, but there is little information on their 
overall transport process during several decades after their injection. The bulk of the anthropogenic radionuclide 137Cs 
present in the oceans today was injected about five decades ago from atmospheric nuclear weapons tests and total 
inventory of 137Cs in the North Pacific Ocean was 69 PBq just before the FNPP1 accident. Until the end of 2011, a 
main body of Fukushima derived radiocaesium were existed at surface layer, however, after winter cooling 2011/2012 
we found subsurface maximums of Fukushima derived 134Cs and 137Cs due to subduction in the subtropical gyre in the 
North Pacific Ocean. The subsurface maximums corresponded wiith SubTropical Mode Water (STMW) and Central 
Mode Water (CMW). The water column inventory shallower than 200 meters depth in November 2011 at 40 deg. N, 
165 deg. E was 80 % of total, while it decreased 20 % in June 2012.  

In winter 2013/2014, 137Cs activity in surface water close to the FNPP1 site is still around 1000 Bq m-3 while a 
maximum of Fukushima derived 137Cs in surface water were observed at the eastern part of the North Pacific Ocean 
and the 137Cs activity was a few Bq m-3 which is already close to pre-Fukushima level and 134Cs activity in surface 
water was less than 1 Bq m-3. 

. 
  



PLENARY  

5 

PLE-I02, (Id: 181) 
PROGRESS AND STATUS OF RADIOANALYTICAL CHEMISTRY OF RADIONUCLIDES 
Xiaolin Hou 

Technical University of Denmark, Center for Nuclear Technologies 
xiho@dtu.dk 

 
In the studies of radioecology, investigation of environmental radioactivity and environmental processes using 
radionuclide tracer, as well as characterisation of nuclear waste for decommissioning of nuclear facilities and 
depository of radioactive waste, nuclear forensics and geological dating using radioisotopes, the key issue is to 
accurate determination of concentration of various radionuclides and their speciation in different environmental, 
biological and geological materials. Radioanalytical chemistry therefore plays a central and critical role in these works. 
Since the discovery of radioactivity a century ago, many separation and detection methods have been developed and 
successfully applied in the determination of various radionuclides. With the development of new separation and 
detection techniques, significant improvement of the traditional analytical techniques, as well as the increased 
requirement for the knowledge and information on the speciation of radionuclides, a significant development on 
radioanalytical chemistry has been achieved in the past decade, this mainly focus on three aspects including the 
synthesis and commercialization of various extraction chromatographic resins and application of them in the separation 
of specific radionuclide or groups of radionuclides; sensitive detection of long-lived radionuclides using mass 
spectrometric techniques including ICP-MS and accelerator mass spectrometry; development of various approaches for 
rapid determination of radionuclides of difficult to measure in order to quick responses in the emergency preparedness 
and analysis of large numbers of samples for decommissioning of nuclear facilities.  

In the past years, our laboratory has developed a series of radiochemical analytical methods aiming at characterization 
of various decommissioning waste; improved our traditional analytical methods for determination long-lived 
radionuclides in the environment focusing on improving the detection limit, automation of analytical operation, and 
rapid determination; developed many analytical methods for speciation analysis of various radionuclides in 
environmental and biological samples for radioecology researches, and developed and applied mass spectrometric 
methods for rapid and sensitive determination of long-lived radionuclides. This presentation gives an overview of these 
analytical methods, mainly on the present status, progress and perspectives. 
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PLE-I03, (Id: 422) 
POSITIONING THE NEW ELEMENTS IN THE PERIODIC TABLE 
Andreas Türler 

Paul Scherrer Institute and Bern University 
andreas.tuerler@psi.ch 

 
With the discovery of six new elements in the past decade an extraordinary expansion of the Periodic Table took place, 
so that now all elements of the 7th period have been synthesized. This success was possible by exploiting the concept 
of “warm” fusion using the available, neutron-rich actinide target materials and the tightly bound, doubly magic 
projectile 48Ca [1]. Most of these discovery experiments were conducted by the Dubna-Livermore collaboration at the 
Flerov Laboratory in Dubna, Russia and a number of independent experiments have been able to confirm these 
findings [2-4], most recently for element 117 [5]. Due to the discovery of relatively long-lived isotopes of copernicium 
(element 112) and flerovium (element 114) first chemical experiments have successfully been conducted, revealing the 
special chemical properties of these elements, which can be attributed to the influence of strong relativistic effects 
[6,7]. Substantial progress has also been achieved in investigating the lighter heavy actinide and transactinide 
elements, where new properties of heavy actinide elements and new classes of tansactinide containing compounds 
have been synthesized. In my lecture I will review these recent developments and give an outlook on upcoming 
opportunities for chemical investigations of heavy and superheavy elements.  

 
[1] Yu.Ts Oganessian, J. Phys. G: Nucl. Part. Phys. 34, R165 (2007)  
[2] L. Stavsetra et al., PRL 103, 132502 (2009)  
[3] Ch.E. Düllmann et al., PRL 104, 252701 (2010)  
[4] S. Hofmann et al., EPJA 48, 1 (2012)  
[5] J. Khuyagbaatar et al., PRL in press (2014)  
[6] A. Türler, V.G. Pershina, Chem. Rev. 113, 1237 (2013)  
[7] A. Yakushev et al., Inorg. Chem. 53, 1624 (2014) 
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PLE-I04, (Id: 433) 
COMPARISON OF EIGHT POSSIBLE 99-MOLYBDENUM PRODUCTION ROUTES 
Bert Wolterbeek, Jan-Leen Kloosterman, Martin Rohde, Danny Lathouwers,  August Winkelman, 
Lodewijk Frima, Frank Wols 

Delft University of Technology 
h.t.wolterbeek@tudelft.nl 

 
The present paper addresses eight possible routes of producing 99Mo, and discusses both yield and 99Mo specific 
activities (SA) in the context of future anticipated worldwide demand. The dimensions of the targets are modelled by 
considering both the limits set by cooling and those by inside-target radiation attenuation characteristics. Energy 
deposition profiles are modelled by MCNP6, the reaction probabilities are taken from TALYS/TENDL and JANIS 
codes, and both are used in calculating produced 99Mo.  

The results suggest that U neutron-fission may remain one of the most relevant and efficient means of producing 99o, 
but that new developments may surface, such as ADSR or AHR production modes. Accelerator- based 99Mo 
production is discussed as asking for developments in both the cooling of targets and new concepts in post-EOB 
upgrading of 99Mo SA, and/or new concepts for 99Mo/99mTc-generators, the latter possibly in both volumes (mass) and 
99Mo capacities. 
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PLE-I05, (Id: 441) 
CHEMISTRY FOR THE FUTURE NUCLEAR FUEL CYCLES 
Stéphane Bourg 

CEA, Nuclear Energy Division, RadioChemistry & Processes Department 
stephane.bourg@cea.fr 

 
Actinide chemistry is at the centre of key issues to be faced by nuclear energy. Indeed, in addition to an increased 
safety of the reactors themselves, the acceptance of the nuclear energy is still closely associated to our capability to 
reduce the lifetime of the nuclear waste, to manage them safely in a long term disposal and to propose options for a 
better use of the natural resources. Before implementing a process at the industrial level, it is of primary importance to 
increase our fundamental knowledge in actinide sciences in terms of safety, fabrication and performance of fuels, 
reprocessing and long term waste management.  

Among FP7-EURATOM Framework Program, a few projects work closely to address the challenges of future fuel 
cycles. Among them, SACSESS (Safety of ACtinide SEparation proceSSes) and TALISMAN work to improve our 
knowledge in actinides chemistry in order to develop advanced separation processes. SACSESS is focused on the 
development of safe advanced separation processes, both aqueous and pyrochemical. Head-end steps, fuel 
refabrication, solvent treatment, waste management are also taken into account.  

TALISMAN (Transnational Access to Large Infrastructures for a Safe Management of ActiNides) gives European 
researchers the opportunity to come and work in unique facilities. By offering transnational access to the main 
European nuclear research facilities, TALISMAN aims at increasing the knowledge in actinide sciences by gathering 
all the expertise available in nuclear research institutes or university in Europe and giving them the opportunity to 
come and work in hot-labs or beamlines.  

Exchanges and complementarities are also established with other Euratom initiative (ASGARD, CINCH-II…) to cover 
broadly the nuclear fuel cycle challenges.  

In all projects, efforts have been made to increase collaborations, mutualize and homogenize procedures and share 
good practices. Training and education initiatives including seminars, workshops, brainstorming meeting but also 
student exchanges and support to post-doctorate fellowships is a key point for maintaining and increasing a high 
expertise level in actinide separation sciences in Europe. 
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PLE-I06, (Id: 73) 
TARGETED ALPHA THERAPY RESEARCH - A RADIOCHEMISTRY PERSPECTIVE 
Emma Aneheima, Sture Lindegrena, Holger Jensenb 
aSahlgrenska Academy at Gothenburg University 
bCopenhagen University Hospital 
emma.aneheim@radfys.gu.se 

 
One of the greatest challenges in the treatment of different types of cancers is an efficient therapy of occult metastasis. 
Today chemotherapy is generally employed as an adjuvant treatment to eradicate the minimal residual disease. 
However, despite that chemotherapy often is a very aggressive method the cancer cells can transform and become 
resistant towards the chemicals used. This means that the quality of life of the patient is affected in a negative way 
without resulting in a therapeutic effect. Therefore, new types of treatment for disseminated cancer are of vital 
importance. One such method is targeted alpha therapy.  

Targeted alpha therapy utilizes the high energy and short tissue range (50-100 μm) of the alpha particles. This range is 
orders of magnitude shorter than the beta particle range from other radionuclides widely used within nuclear medicine, 
such as iodine-131 or yttrium-90, resulting in a significantly higher LET for the alpha particles. This means that if 
administered to the cancer cells by a tumor specific carrier agent, e.g. an antibody, the alpha emitting nuclide 
efficiently kills the tumor cell by causing irreparable double strand breaks of the DNA, while sparing the surrounding 
healthy tissue. This makes the method suitable for treatment of disseminated occult cancers in the form of micro 
tumors and even single cancer cells. A radioactive nuclide with suitable properties is, however, needed to conduct this 
type of treatment. The half-life should be relatively short to be able to achieve a high dose and avoid prolonged 
irradiation in the body but still long enough to be able to perform the radio synthesis and allow for distribution to the 
target cells. In the same way the daughter nuclides must have a suitable decay pattern. The production route should 
also be fairly straight forward to ensure availability of the nuclide. One nuclide that fulfils these demands is astatine-
211.  

Astatine-211 is produced using a cyclotron by circa 30MeV alpha particle activation of bismuth-209 through the 
reaction 209Bi(α, 2n)211At. The half-life is 7.2 hours and the mode of decay is 100 % alpha emission along two different 
routes. Astatine-211 is therefore a promising nuclide for targeted alpha therapy. At Sahlgrenska Academy in 
Gothenburg, Sweden, radiolabelling research of monoclonal antibodies and polypeptides using astatine-211 has been 
on-going for almost 20 years. The research is performed within the targeted alpha therapy (TAT)-group that are 
moving towards phase II/III clinical trials using astatine labelled monoclonal antibodies for patients with disseminated 
ovarian cancer. This after a successful phase I trial conducted in 2009. The TAT-group is an interdisciplinary group 
consisting of chemists, physicists, biologists and clinicians from different research centers.  

Today efforts concerning radiochemistry within the group are directed towards increasing the specific activity of the 
immunoconjugates, investigating the shelf-life of the prefabricated conjugates before labelling and designing new 
linker-molecules. There is also a focus on simplifying the chemical production route by automating the radio synthesis. 



 

10 

 
  



 

11 

Radionuclides in the Environment, 
Radioecology (RER) 

Verbal presentations 



 

12 

 



RADIONUCLIDES IN THE ENVIRONMENT, RADIOECOLOGY - VERBAL 

13 

RER-I01, (Id: 119) 
MOBILITY OF RADIOCAESIUM IN BOREAL FOREST ECOSYSTEMS: INFLUENCE OF 
PRECIPITATION CHEMISTRY 

Eiliv Steinnes 

Norwegian University of Science and Technology 
eiliv.steinnes@chem.ntnu.no 

 
Mobility of radiocaesium in boreal forest ecosystems: Influence of precipitation chemistry Steinnes E1, Gjelsvik R2, 
Skuterud L2, Thørring H2 1. Department of Chemistry, Norwegian University of Science and Technology, No-7491 
Trondheim, Norway 2. Norwegian Radiation Protection Authority, NO-1332 Østerås, Norway Mobility and plant 
uptake of Cs in soils is generally limited by the presence of clay minerals in the soil. However, cations supplied by 
precipitation may substantially influence the mobility of radiocaesium in natural surface soil and subsequent transfer to 
food chains. The chemical composition of precipitation shows substantial variation among different areas in Norway 
for two main reasons. At sites close to the coast the atmospheric supply of marine cations and anions is many-fold 
greater than in regions shielded from marine influence by mountains. The southernmost part of the country has been, 
and still is, substantially affected by soil acidification due to long-range atmospheric transport of acidifying substances 
from areas elsewhere in Europe. This may explain a much higher greater uptake of 137Cs from the Chernobyl accident 
in moose in this region than elsewhere (Steinnes et al., 2009), in spite of the fact that some areas farther north received 
substantially greater fallout. Similarly a much greater transfer of 137Cs to natural birch forest vegetation is evident from 
the more acidified soils in the south than in comparable ecosystems elsewhere in the country (Thørring et al., 2012). 
Repeated recordings of activity levels in natural surface soils showed faster leaching of Chernobyl 137Cs relative to 
inland areas not only in the south but also in coastal areas farther north (Gjelsvik and Steinnes, 2013), indicating that 
the amounts of marine cations in precipitation also has an appreciable effect on the Cs leaching. The geographical 
leaching differences still became less prominent with time. Recent lysimeter experiments with undisturbed soil 
columns obtained from an area receiving high radiocaesium deposition from the Chernobyl accident, applying 
precipitation with ionic composition characteristic of the different regions mentioned above, did not change the current 
depth distribution of 137Cs. However, acidic precipitation increased the mobility of Cs added during the experiment. 
All in all the mobility in boreal soils of freshly added radiocaesium may be considerably affected by the chemical 
composition of precipitation.  

Reference:  

Steinnes E, Gaare E, Engen S, 2009. Influence of soil acidification in southern Norway on the 137Cs exposure of 
moose? Sci. Total Environ. 407 (2009) 3905-3908. 
 Thørring H, Skuterud L, Steinnes E, 2012. Distribution and turnover of 137Cs in birch forest ecosystems: influence of 
precipitation chemistry. J. Environ. Radioact. 110 (2012) 69-77. 
Gjelsvik R, Steinnes E, 2013. Geographical trends in 137Cs fallout from the Chernobyl accident and leaching from 
natural surface soil in Norway. J. Environ. Radioact. 126 (2013) 99-108.  
Thørring H, Skuterud L, Steinnes E, 2014. Influence of chemical composition of precipitation on migration of 
radioactive caesium in natural soils. J. Environ. Radioact., submitted.   
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RER-I02, (Id: 182) 
STUDY OF 137Cs, 241Am AND PU ISOTOPES SORPTION BEHAVIOR IN THE ENVIRONMENT: PRAGUE 
– VILNIUS COLLABORATION* 

Galina Lujaniene 

SRI CENTER FOR PHYSICAL SCIENCES AND TECHNOLOGY 
lujaniene@ar.fi.lt 

 
Results of long-term collaboration with the Czech Technical University in Prague are reported. Sorption behavior of 
137Cs, 241Am and Pu isotopes was studied with the aim of better understanding their migration mechanisms in the 
Triassic clay selected for engineered barrier of the near surface low and intermediate level radioactive waste 
repository, as well in soil and bottom sediments from the natural environment.  

The Baltic Sea bottom sediments and well characterized clay samples with different amounts and compositions of iron 
oxides as well as synthetic magnetite, goethite and hematite were used in equilibrium and kinetic sorption experiments. 
Sorption was studied as a function of pH, a composition of solutions, and a contact time. The character of Cs, Pu and 
Am bonding was analyzed by sequential extraction (SE). Solvent extraction techniques, ultrafiltration and alpha 
spectrometry as well as ICP-MS were employed to characterize the oxidation states of the formed plutonium species. 
Two Chernobyl soil cores were also analyzed on the vertical distribution of radionuclides, their bonding to soil 
components, as well as on Pu oxidation state distribution. Experimental data obtained from the laboratory and field 
observations were used in modeling.  

Despite their similar sorption kinetics, Pu(IV), Pu(V) and Am(III) showed different bonding to soil, clay and bottom 
sediment coatings. Pu was predominantly associated with amorphous Fe-oxides and natural organic matter sites, 
whereas in the case of Am(III), the exchangeable and carbonate sites played the principal role. It has been shown that 
Pu(V) sorption mechanism includes a very fast Pu(V) reduction (reaction rate ≤ 2.33 10-3s-1) to Pu(IV) and partly to 
Pu(III). Following reduction Pu isotopes were bound to various components of bottom sediments via ion exchange and 
surface complexation reactions and a slow incorporation into the crystalline structure of Fe minerals. Kinetics 
experiments showed that the sorption of Cs(I), Pu(V), Pu(IV) and Am(III) to bottom sediments from natural seawater 
was controlled by the inert layer diffusion process.  

The analyses of data obtained from sorption experiments, field observations and speciation of radionuclides have 
indicated a slightly higher migration potential for Am both in the Chernobyl soil and the natural clay minerals. The 
exchangeable and carbonate bound Am(III) should display faster migration rate and greater bioavailability in the 
environment.  

*) Dedicated to the memory of Prof. Petr Beneš 
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RER-V03, (Id: 305) 
JOINT BRATISLAVA-PRAGUE AMS/IBA STUDIES USING TANDEM ACCELERATOR 
Pavel Povineca, Ivo Světlíkb, Jan Johnc, Miroslav Ješkovskýa, Mojmír Němecc, Jan Kučerab 
aFaculty of Mathematics, Physics and Informatics, Comenius University, Bratislava, Slovakia 
bInstitute of Nuclear Physics, Czech Academy of Sciences, Řež near Prague, Czech Republic 
cFaculty of Nuclear and Physical Engineering, Czech Technical University, Prague, Czech Republic 
povinec@fmph.uniba.sk 

 
A joint research programme has been established to study anthropogenic radionuclides in the environment using 
Accelerator Mass Spectrometry (AMS), namely 14C variations in the atmosphere and biosphere, and content of 
plutonium isotopes in the atmosphere and hydrosphere. Specifically, observations of 14C variations in the atmosphere 
and biosphere around the Czech and Slovak nuclear power plants wil be presented and discussed in detail. Ion Beam 
Analysis (IBA) techniques have ben applied for radiation damage studies of construction materials of nuclear reactors, 
and of electronics components working in high radiation fields, e.g. at nuclear reactors and in space instruments. 

*) Dedicated to the memory of Prof. Petr Beneš 
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RER-I04, (Id: 51) 
NATURAL RADIONUCLIDES IN DRINKING WATER FROM THE SURROUNDINGS OF THE FORMER 
ŽIROVSKI VRH URANIUM MINE 

Ljudmila Benedika, Hiacinta Klemenčičb, Janja Smrkea 
aJožef Stefan Institute 
bŽirovski vrh mine 
ljudmila.benedik@ijs.si 

 
Under articles 35 and 36 of the European Atomic Energy Community (EURATOM) Treaty, the Member States of the 
European Union are obliged to inform the European Commission on a regular basis of the radioactivity levels in their 
environment. The Council directive 2013/51/EURATOM of 22 October 2013 laying down requirements for the 
protection of the health of the general public with regard to radioactive substances in water intended for human 
consumption, defines the maximum values for individual radionuclides to be monitored in drinking water. In the 
present study, the concentrations of the natural radionuclides Po-210, Ra-226, U-238 and U-234 were determined in 
surface, well and drinking water by alpha-particle spectrometry, while Pb-210 and Ra-228 were determined by beta 
counting and gamma-ray spectrometry. The tap water samples were collected on target areas and villages in the 
surroundings of the former uranium mine at Žirovski vrh, Slovenia to assess the effective exposure of the public. Many 
small springs used for water supply were included in this study. For determination of Po-210, Pb-210 and uranium 
radioisotopes, a sequential method was used. After addition of U-232 and Po-209 tracers and Pb2+ carrier, the 
radionuclides were coprecipitated with MnO2. Separation was carried out by selective separation of lead and polonium 
on a Sr resin column. Uranium was not retained and was determined in the effluent by separation on UTEVA resin. 
The procedure for Ra-226 was based on coprecipitation of Pb(Ra)(Ba)SO4, followed by alpha-particle spectrometry 
and determination of the recovery with Ba-133. For determination of Ra-228 coprecipitation with Ra(Ba)SO4 was 
performed and measured via its daughter Ac-228 by gamma-ray spectrometry. The results obtained show that values of 
natural radionuclides in drinking water from a private well in the surroundings of the former uranium mine were below 
values defined in the Directive. 
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RER-V05, (Id: 116) 
SEPARATION OF URANIUM FROM DRINKING WATER IN THE CZECH REPUBLIC 
Jan Krmela 

ÚJV Řež, a.s. 
jan.krmela@ujv.cz 

 
Natural ground water used for the preparation of drinking water contains a number of cations, anions, elements and 
other substances depending on the bedrock composition (Ca, Mg, Fe, Mn, heavy metals, radioactive elements, arsenic, 
chromium, carbonates, sulfates, phosphates, silicates, fulvic and humic acids etc.). Information about composition of 
drinking water is important to comply with all the requirements on sanitary of drinking water.  

The elements that affect the quality of drinking water mainly from groundwater, also includes radioactive elements 
contained in bedrock sections where water is extracted. These are the elements with long half-lives, mainly alpha 
emitters (U, Ra, Rn, Th, and elements of the decay series). Uranium and its decay products are found in all 
environmental compartments. Radionuclides come to the environment both naturally - weathering and leaching of the 
rocks, and as a consequence of human activities in connection with the use of raw materials.  

Uranium occurs naturally in four oxidation states. The most mobility has hexa-valent state (uranyl ion). Uranyl is 
highly soluble form of uranium in water. Mobility of uranium in soil and water is affected by many factors. Complex 
processes in soil and rock lead to redox reactions forming both insoluble compounds (lower valence forms of uranium) 
and soluble form of U (VI) (forming by reoxidation), which is again leachable into groundwater. The content of 
uranium in groundwater depends on the geological composition of the ground, and can reach up to hundreds of μg/L.  

At present the issue associated with removing uranium from drinking water is solved in the Czech Republic. New limit 
for the concentration of natural uranium (234U, 235U and 238U) was recommended at a level of 15 μg/L as the highest 
limit based on the World Health Organization (WHO). Advice of the Chief Health Officer of the Czech Republic came 
into force on 1st January 2010, which decreased the limit for uranium in drinking water from original 30 μg/L to new 
15 μg/L recommended by WHO. However, the WHO reported a new limit value of 30 μg/L in 2011 based on a new 
studies, which proved that 30 μg/L uranium in drinking water has not negative effect on the human organism (chemical 
toxicity). Limit in the Czech Republic remained at the same level 15 μg/L.  

Change the limit leaded to solving the issue on the waterworks in the Czech Republic, which had not any experiences 
with radioactivity. Some waterworks installed a new device from Germany (ion exchanges), but did not solve what 
they do with saturated ion exchanges. Ion exchanges as the most suitable material for removing of uranium from 
drinking water is not reused (without regeneration), but it is used in the uranium industry, where is putted to start of 
processing of uranium ore. Ion exchanges are replaced with a new one in the waterworks and saturated ion exchanges 
are discarded in the uranium industry.  

Regeneration of ion exchanges could be cheaper, because ion exchanges could be reused and processing of ion 
exchangers could be cheaper, because it is possible to put the regenerant before the process of precipitation of “yellow 
cake” in the processing of uranium ore. This project TA02010044 was supported by TA CR. 
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RER-V06, (Id: 113) 

SORPTION BEHAVIOR OF Sr(II) AND Am(III) IONS FROM INDUSTRIAL WASTE WATER BY LOW 
COST NATURAL MATERIALS OF THE BIOLOGICAL ORIGIN 
Leon Fuks, Agata Oszczak 

Institute of Nuclear Chemistry and Technology 
leon.ichtj@gmail.com 

 
Waste waters that contain radioactive metal ions like Sr(II) or Am(III) are dangerous for the environment. There are 
several methods to remove them from waste water using ion exchange resins, chemical precipitation or reverse 
osmosis. Very often sorption, precipitation or complexation is combined with ultrafiltration in one hybrid process of 
enhanced ultrafiltration. Small ions bound by macromolecular agents form complexes, which can be retained by UF 
membrane. The hybrid complexation-UF method is effectively applied in several plants processing α-bearing 
radioactive waste streams. Multiple installations are under operation in nuclear centers and much effort was done to 
implement ultrafiltration for radioactive wastes processing. All these methods, however, are highly energy consuming 
thus expensive.  

Alternative method of eliminating the radioactive metals from waste water is sorption by low cost natural materials of 
the biological origin. The major advantages of sorption over conventional treatment methods include: (i) low cost, (ii) 
high efficiency, (iii) minimization of chemical and/or biological sludge, (iv) no additional nutrient requirement; (v) 
easy regeneration of biosorbent, and (vi) possibility of metal recovery [1,2].  

Chitosan is derived from an inexpensive material: chitin. The latter is the second most abundant polymer in nature and 
can be found in the skeletons of insects and shellfish. Calcium alginate is a water-insoluble, gelatinous substance that 
can be produced through the addition of aqueous calcium chloride to aqueous sodium alginate. The parental substance 
- alginic acid - is a naturally occurring hydrophilic polysaccharide obtained from various kinds of brown seaweeds. In 
presented studies, sorption of americium(III) or strontium(II) was studied as a function of contact time, initial pH of 
water and mass of the sorbent, respectively. Water was collected in the Institute of Nuclear Chemistry and Technology 
(Warsaw). Post-decontamination liquids were simulated by dissolving citric acid in the water to obtain 1 M solution 
prior to the radionuclide addition.  

Decontamination Factor - the ratio of specific activity prior to and after decontamination [3] has been found above 
95 % for Sr(II) on calcium alginate, while ca. 50 % on polyamino polysaccharide - chitosan. An attempt to revitalize of 
the Am(III) - and Sr-loaded sorbents was done by shaking the material at room temperature with different types of 
desorbing agents.  

Thermogravimetric analyzes of the materials show that commercially available products decompose at about 600 °C 
(calcium alginate) and 700 °C (chitosan) and the residue after ignition as mass is about 5-10 % of the initial material. 
In contrast, the sorbents obtained in our laboratory decompose at only ca. 200 °C. This means that energy necessary to 
reduce the mass of the potential solid wastes formed from the latter calcium alginate may be considerably smaller than 
from the commercial sorbents.  

Conclusions: 
Laboratory obtained beads of calcium alginate seem to be a better sorbent than the materials commercially available. 

Calcium alginate is more effective than chitosan in binding strontium(II) potentially present in the aqueous solutions.  

Studies were performed in frame of the Strategic Project Technologies Supporting Development of Safe Nuclear 
Power Engineering Domain 4 Development of spent nuclear fuel and radioactive waste management techniques and 
technologies.  
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RER-V07, (Id: 319) 
EXCESS OF POLONIUM-210 ACTIVITY IN THE SURFACE URBAN ATMOSPHERE 
Magdalena Długosz-Lisiecka 

Technical University of Lodz, Faculty of Chemistry 
mdlugosz@mitr.p.lodz.pl 

 
The concentrations of 210Pb, 210Bi and 210Po were measured from February 2010 to May 2010 and from May 2011 to 
April 2012. The seasonal change of 210Po/210Pb and 210Bi/210Pb activity ratios indicate on independent fluctuations of 
tropospheric 210Pb and its decay products, particularly 210Po. A simple calculation method for the estimation of the 
excess of 210Po, in relation to its activity formed from 210Pb, during the residence time of the urban aerosols in Lodz 
city, Central Poland is proposed. Most of 210Po in urban air is not a decay product of 222Rn but is result of input of 
artificial origins. The highest levels of 210Po were observed in winter period. It suggests that the substantial source of 
210Po in this region is an anthropogenic emission from domestic and power plant combustion of coal, rather than other 
usually suggested sources such as soil resuspension, or stratospheric air intrusion.  

The comparison of date with 210Po/ 210Pb ratios allows to determinate the excess of the unsupported 210Po activity in the 
aerosol samples. Additional influx of unsupported ΔAPo, can be calculated. The main aim of this work was to check 
the seasonal fluctuations of the Δ210Po activity on the base of aerosol residence time determinations in the urban area.  

The activity concentration fluctuation during the period of whole year: from 3548 to 133.5 μBq/m3, from 1025.8 to 
54.6 μBq/m3 and from 136.9 to 9.44 μBq/m3 for 210Pb, 210Bi and 210Po, respectively. In all cases the highest 
concentration was measured in a winter period. The results of activity ratio were divided for 4 seasons spring (March-
May), summer (June-August), autumn (September-November) and winter (December-February).  

In urban air 210Po coming from additional source is adsorbed on the surface of particles. Specific activity strongly 
dependents on the aerodynamic diameter of the solid particles of aerosol. Generally, fine particulate matter carries 
more 210Po than the coarser fractions. Anthropogenic source of Polonium is strongly connected with not only heating 
(power plant and domestic coal burning) typical for winter season but also with electricity generation and technical 
activity during the whole year.Polonium as more volatile element than Pb or Bi can be emitted with flue gases. In high 
temperatutre processes average about 50 % of the total activity of 210Po is discharged in gaseous form or ultra-fine 
particles to the atmosphere. 
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RER-V08, (Id: 245) 
NEW TITANATE MATRICES FOR IMMOBILIZATION OF ACTINIDE HIGH-LEVEL WASTE 
Tatiana Livshitsa, Jiaming Zhangb 
aInstitute of Geology of Ore Deposits, Petrography, Mineralogy and Geochemistry 
bStanford University, USA 
lita_232@yahoo.com 

 
Uranium and plutonium extraction from spent nuclear fuel leads to formation of high-level waste (HLW) with complex 
composition. Actinides (An) from HLW due to their long half-lives (103-106 years) are the most dangerous elements 
for biosphere in long-term perspective. To enhance the effectiveness of waste handling it is expedient to extract from 
HLW An and rare earth elements (REE) in separate fraction. These elements can be incorporated in durable crystalline 
phases (matrices) and then disposed in geological repositories. Compounds with pyrochlore structure are considered as 
suitable An host phases [1,2]. Whereas in the system REE2O3-TiO2 pyrochlores are formedonly for REE with ionic 
radius smaller than Pm3+[3]. Titanates of large rare earths (La,Ce,Nd,Sm), which are dominated in HLW, crystallize in 
the monoclinic perovskite-type structure. Substitution of Ti4+ to Zr4+ stabilizes pyrochlore lattice. Therefore zirconate 
pyrochlores are one of the most well studied candidates for An host phases [4]. However the rate of phase formation in 
Zr systems during the process of synthesis is very slow even at high temperatures (1500 °C)[5]. This results in 
presence of residual oxides in ceramics based on zirconate pyrochlores which deteriorates their matrix properties, e.g. 
corrosion stability in solutions. Phases with monoclinic and orthorombic structures are also formed in the system 
REE2O3-TiO2-ZrO2. These compounds are characterized by high REE concentrations [6].  

The goal of our investigations was to prove the suitableness of monoclinic REE2(Ti,Zr)2O7 and orthorombic 
REE4Ti9O24 for use as An-REE host phases. The series of samples were prepared by cold pressing and sintering and 
inductive melting in cold crucible (IMCC) and studied by different analytical methods: X-ray difraction, scanning and 
transperent electron microscopy. One sample of monoclinic titanate was irradiated by 1 MeV Kr+.  

Data obtained show that structures of REE2(Ti,Zr)2O7 and REE4Ti9O24 are characterized by high isomorphic capacity 
in respect to rare earth imitators of An-REE waste. Contents of REE2O3 in these phases reach 50 wt. %. There were not 
any additianal phases with REE in ceramics. All rare earths are occured only in. Thus ceramics based on target 
monoclinic and orthorombic titanates can be produced by two of the most suitable methods of matrices fabrication: 
cold pressing and sintering and IMCC. Irradiation of monoclinic REE2Ti2O7 by Kr+ leads to gradual destruction of its 
structure. And full amorphization takes place at 2.5×1014 ion/cm2. Radiation resistance of REE2Ti2O7 with the 
monoclinic structure is close to titanate pyrochlore and ferrite garntes.  

The future investigations will be aimed to the determination of Ce oxidation state in different phases by EXAFS and 
XANES. Irradiation experiments with REE4Ti9O24 and studying of chemical durability of monoclinic and orthorombic 
titanates will be also carried out.  

Literature. 
[1] Ewing R.C. et al. of Appl. Phys. 2004. V.95.N 11. 5949–5971. 
[2] Yudintsev S.V. Geol. of Ore Dep. 2003. V. 45. N 2. P. 172–187 
[3] Subramanian M.A. et al. Progr. Solid State Chem. 1983. V.15. P. 55–143 
[4] Wang S.X. et al. J. of Mat. Res. 1999. V. 14. N 12. P. 4470-4473 
[5] Laverov N.P. et al. Doklady Akad. Nauk. 2002.V.383. N 1.P.95-98. 
[6] Shoup S.S. et al. J. of Solid State Chem. 1996. V. 127. P. 231–239. 
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RER-I09, (Id: 77) 
RADIOACTIVITY IN MINERAL WATERS FROM IBERIAN PENINSULA 
Fernando P. Carvalho, João M. Oliveira 

Instituto Superior Técnico/ LPSR 
carvalho@itn.pt 

 
Bottled mineral and spring waters in a total of 38 commercial brands from Portugal and Spain, all available from shelf 
in supermarkets, were analyzed for natural occurring radionuclides such as uranium and thorium isotopes, radium 
(226Ra), 210Pb, 210Po and tritium (3H). Radionuclide concentrations vary widely depending on the geological formation 
of the water source and the chemical characteristics of water. Uranium (238U) activity concentrations ranged from 0.2 
to 297 mBq/L, 226Ra varied from 0.5 to 949 mBq/L, radioactive lead (210Pb) from 1.7 to 78 mBq/L and 210Po from 1.2 
to 75 mBq/L. Radionuclide activity concentrations particularly those of uranium, thorium, and radium are assessed in 
conjunction with dissolved salts and major ions present in water. Isotopic ratios of uranium are analyzed and discussed 
in relationship with characteristics of water sources. Radioactivity intake through consumption of these waters was 
assessed and concluded that daily consumption of some of these waters may give rise to internal radiation doses above 
the recommended dose limit of 0.1 mSv/y for water consumption. Results are compared with data on other bottled 
waters in the European Union market , and discussed in the perspective of radiation protection of members of the 
public and current EU Directives. 
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RER-V10, (Id: 85) 
A COMPARATIVE STUDY FOR THE DETERMINATION OF URANIUM AND URANIUM ISOTOPES IN 
GRANITIC GROUNDWATER 

Min Hoon Baika, Mun Ja Kanga, Soo Young Chob, Jonmgtae Jeonga 
aKorea Atomic Energy Research Institute 
bKorea Institute of Geoscience and Resources 
mhbaik@kaeri.re.kr 

 
The determination of uranium and uranium isotopes in groundwater is very important in the context of the safety of the 
deep geological disposal of radioactive wastes. The effects of groundwater-rock interaction on the migration of 
radionuclides can be evaluated using naturally occurring radionuclides as analogues of radioactive waste disposal in a 
deep geological repository. In this study, the uranium concentration was determined using different analytical methods 
such as alpha-spectrometry, a liquid scintillation counter (LSC), and inductively coupled plasma mass spectrometry 
(ICP-MS). The groundwater was sampled from a small underground research facility called KURT (KAERI 
Underground Research Tunnel) located in Daejeon city, in the center of Korea. Groundwater samples were taken from 
6 different depths down to 300 m from a borehole where a multi-packer system is installed. The dissolved U 
concentrations in the 6 groundwater samples determined by 3 different methods widely ranged from 0.3 to 854 μg/L. 
The results from the 3 different methods showed a good agreement with each other. An anomaly showing a high U 
concentration was observed at a relatively shallow region (92 ~ 200 m depth). The ARs of U-234/U-238 analyzed by 
alpha-spectrometry and LSC showed AR values between 1.149 and 2.384 depending on the depth and analytical 
method. These ARs indicate that the uranium isotopes are out of secular equilibrium owing to an increased water-rock 
interaction and different origins of the sampled groundwaters. 
 

 



RADIONUCLIDES IN THE ENVIRONMENT, RADIOECOLOGY - VERBAL 

24 

RER-V11, (Id: 183) 

APPLICATIONS OF 137Cs AND PU ISOTOPES IN TRACER STUDIES 

Galina Lujaniene, Darius Valiulis, Jonas Šakalys, Nijolė Remeikaitė –Nikienė, Algirdas Stankevičius, 
Sergej Šemčuk 

SRI Center for Physical Sciences and Technology, EPA, Vilnius, Lithuania 
lujaniene@ar.fi.lt 

 
This study was performed to assess activity concentrations of radionuclides and characteristic Pu activity and atom 
ratios in the atmosphere, soil, suspended particulate matter and bottom sediments with the aim of their possible 
application to trace the pollutants in the environment. Analyses of airborne radioactive aerosols were carried out in 
daily samples collected in Vilnius as well as in 10-day samples at the background station in Preila (at the Baltic Sea 
shore, Lithuania). 137Cs, 241Am and Pu isotopes were also analyzed in soil, seawater, bottom sediments (BS) and 
suspended particulate matter (SPM) samples collected in the Baltic Sea and the Curonian Lagoon during 1997–2013.  

The observed 238Pu/239,240Pu activity ratios ranged from 0.44 to 0.50, while the 240Pu/239Pu atom ratio varied after the 
Chernobyl accident. The 240Pu/239Pu ratio in aerosol in 1995 – 1999 varied from 0.14 to 0.40 whereas in Preila the 
240Pu/239Pu ratio varied from 0.135 to 0.247. The exponential decrease in the 240Pu/ 239Pu atom ratio from 0.30 to 0.19 
observed from 1995 to 2003 was explained by a decrease in the amount of the Chernobyl derived plutonium in the 
environment. The analyses of frequency count of the Pu atom ratio (N = 74) indicated that Pu originated from at least 
two different sources. Activity 238Pu/239,240Pu and atom 240Pu/239Pu ratios indicated a different contribution of the 
Chernobyl-originated Pu to the suspended particulate matter (SPM) and bottom sediments. The largest amount of the 
Chernobyl-derived Pu was found in the smallest suspended matter particles of 0.2 – 1 μm in size collected in the 
Klaipeda Strait in 2011 – 2012. The decrease of characteristic activity 238Pu/239,240Pu and atom 240Pu/239Pu ratios 
towards the global fallout ones in surface soil and the corresponding increase of plutonium ratios in the suspended 
particulate matter and bottom sediments have indicated that the Chernobyl-derived Pu, primarily deposited on the soil 
surface, was washed out and transported to the Baltic Sea.  

The obtained results indicated that although the main source of Pu in the Baltic Sea environment was considered to 
originate from the global fallout after atmospheric nuclear weapons tests, the recently observed inflow of the 
Chernobyl-derived Pu to the Baltic Sea is linked to the contamination of soil surface after the accident. This secondary 
source of Pu was attributed to the dissolution of particles deposited on the soil surface and transport of Pu isotopes by 
water flow. Contrary to Pu isotopes data on activity concentrations of 137Cs in the bottom sediments indicated its 
redistribution in the Curonian Lagoon – the Baltic Sea system that points to certain limitations in the application of 
137Cs in the tracer studies. The Financial support provided by the Research Council of Lithuania (contract No. MIP-
080/2012) is acknowledged. 
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Cementitious materials are an important component in the multi-barrier concepts developed in many countries for the 
safe storage of low and intermediate level radioactive waste (L/ILW) in deep geological repositories. Reliable 
thermodynamic models able to predict the interaction between radionuclides and cementitious materials in the long 
term are important for the performance assessment of such repositories. Development of these models requires a 
sufficiently detailed macroscopic and molecular-level understanding of the uptake processes involved. Studies on the 
retention of radionuclides by cementitious materials have focused predominantly on adsorption as the relevant uptake 
process. However, recent spectroscopic studies performed in our laboratory, suggest that incorporation in calcium 
silicate hydrates (C-S-H) may contribute significantly to the radionuclide immobilization. C-S-H phases, the major 
constituent of hardened cement paste, are characterized by high recrystallisation rates making them an ideal system for 
the incorporation of radionuclides present in cement-based repositories. In the present study, batch sorption 
experiments have been performed to investigate the effect of the redox state (+IV, +V, +VI) and aqueous speciation on 
the uptake of neptunium in cementitious systems under high pH conditions. Batch sorption experiments were carried 
out with C-S-H phases and titanium dioxide (TiO2), a solid phase stable under high pH conditions and often used as a 
model sorbent in surface complexation studies. Comparison of the sorption of the actinides on these two solids may 
allow the influence of incorporation processes on the immobilisation of actinides by C-S-H phases to be assessed.  

Neptunium uptake was found to be fast and sorption distribution ratios (Rd values) were high, indicating strong 
retention by all solids. The experimental data further indicate that the sorption of the Np(IV,V,VI) on both types of 
solids strongly depends on the degree of hydrolysis. On TiO2, Rd values for Np(IV), Np(V) and Np(VI) are identical at 
pH = 10 and decrease with progressing hydrolysis in case of Np(V) and Np(VI). On C-S-H phases, Rd values for the 
three redox states are also identical at pH = 10. While the Rd values for Np(VI) sorption on C-S-H phases decrease 
with progressing hydrolysis, the Rd values for Np(IV) and Np(V) sorption are not affected by the pH. In addition to the 
effect of hydrolysis, the presence of Ca is found to promote Np(V) and Np(VI) sorption on TiO2 whereas on C-S-H 
phases, the present wet chemistry data do not give unambiguous evidence. Thus, the aqueous speciation appears to 
have a similar influence on the sorption of Np(IV,V,VI) on both types of solids. Batch sorption tests with Th(IV) and 
U(VI) on C-S-H phases confirmed the sorption behavior observed for Np(IV) and Np(VI). Desorption tests finally 
showed that the actinides sorption on C-S-H phases is reversible. The observed sorption behavior of the actinides on 
TiO2 and C-S-H phases is qualitatively explained by invoking inter-ligand electrostatic repulsion between OH groups 
in the coordination sphere of Np(V) and Np(VI). This mechanism was proposed earlier in the literature for the 
prediction of actinide complexation constants with inorganic ligands.  

We conclude that the present actinide sorption data on C-S-H phases can be interpreted in line with a reversible 
sorption mechanism. The degree of hydrolysis of the actinide cations and the presence of Ca play a key role in the 
sorption process. Wet chemistry studies of the actinides uptake by C-S-H phases cannot provide clear evidences for 
incorporation processes. 
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Adsorption onto solid particles plays an important role in behaviour and transport of radioactive contaminants in 
hydrosphere. Sorption is usually described with distribution coefficient; a ratio of radioactivity fixed on solid phase 
and dissolved in water in equilibrium. In this study, distribution coefficients of sediment-water and suspended solids-
water were determined using a method, developed in our laboratory.  

For sorption characteristics determination, series of batch experiments were used. To prepare the experimental batch, 
assortment of artificial radionuclides, representing an accidental source term, was added to surface water containing 
suspended solids or to a mixture of sediment and water. After that, prepared test series were blended for 24 hours. 
Then, the solid phase was separated from the water and analysed using gammaspectrometry.  

Using this method, distribution coefficients were determined for sediment-surface water and suspended solids-surface 
water systems, sampled along the Vltava River. This data was used for the method verifying – determination of its 
repeatability. The determined distribution coefficients show that most radionuclides are readily fixed on the solid 
phase, although moderate variations were observed among the radionuclides and the sediments. Evaluating sorption on 
suspended solids, slight differences were found compared to sediments, as a consequence of markedly lower solid-
liquid ratio of suspended solids in the experimental mixture.  

In summary, the method was developed to be able to obtain representative and comparable data on sorption 
characteristics of artificial radionuclides in hydrosphere. The results, show that sorption onto solid phase is an 
important factor influencing fate of radioactive substances in hydrosphere. Indeed, in the case of radioactive 
contamination of hydrosphere, we can expect a strong contamination of bottom sediments caused not only by the direct 
sorption but also by the sedimentation of contaminated suspended solids. On the other hand, consequently, certain 
decrease of radioactivity dissolved in water can be estimated. Acknowledgement  

This work was prepared with the support of the project VG20122015088 sponsored by Czech Ministry of Interior. 
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The present study aims to assess the effect of redox conditions existing within a phosphogypsum disposal site on the 
redox stability and mobility of uranium in the disposed material. Phosphogypsum sampling and in-situ measurements 
were carried out at a coastal stack in Vasiliko, Cyprus. pH, EH and solubility experiments were performed in-situ and 
in laboratory systems. Generally, in the open stack oxidizing conditions predominate stabilizing uranium in its 
hexavalent oxidation state. On the other hand, after the application of a soil/vegetative cover and in the presence of 
natural organic matter, anoxic conditions prevail (EH < -70 mV) enabling U(VI) reduction to U(IV). Uranium 
concentration measurements as well as 230Th/238U ratios show higher uranium retention under anoxic conditions, which 
could be ascribed to the lower solubility and mobility of U(IV). 
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The sedimentary rocks aquifers are used as the reservoir beds for the deep injection of liquid nuclear waste (LNW) in 
Russia. The reservoir beds are located at the depth of 290-370 m and are limited from above and from below by the 
impermeable clayey strata. LNW injections vary in composition including acidic technological wastes, which consist 
of sodium nitrate, acetic acid, corrosion products and radionuclides. Safety of the LNW disposal depends on the 
migration properties of radionuclides as well as on the ability of the bearing stratum to localize radionuclides within 
the nearest zone of the repository.  

Sorption of Pu onto the components of the different types of sandy rocks of the LNW disposal under the hydrothermal 
(100-150 °C) acidic (pH 1.8 - 2.5) conditions have been studied. It was established that the presence of corrosion 
products (Fe, Cr) in the LNW solutions causes formation of Fe(III)-Cr(III) oxides-hydroxides that stimulates sorption 
of Pu on the solid phase. In the presence of Fe, Cr, Mn, Ni in the LNW composition Pu was bound to the solid phase 
almost quantitavely while without corrosion products only 30-60 % of Pu was sorbed onto the sands. Sequential 
extraction of Pu from sandy rocks has demonstrated the influence of corrosion products in the binding of Pu to the 
solid phase. In the presence of Fe, Cr, Mn, Ni about 70 % of Pu was fixed in the hardly-leachable phase (acid-soluble 
and residue fractions). The content of initial sandy rocks influenced the partitioning of Pu. Organic rich sands (with 
coaly minerals) contain higher fraction of Pu bound to organic phase while sands rich in Fe-containing dark minerals 
have larger Pu fraction bound to Fe-Mn oxides.  

Mössbauer spectroscopy and XRD identified the Fe-Cr-containing phases as hematite and goethite. HR-TEM reveals 
the morphology of the Fe-Cr-containing colloids which have been responsible for Pu sorption under hydrothermal 
conditions in acid media (pH 1.8 – 2.5).  

The Pourbaix diagrams for Pu in the presence and in the absence of hematite were calculated to describe the sorption 
equilibrium in the system. Equilibrium constants for Pu sorption reactions were calculated using linear free-energy 
relationship (LFER) that is based on the analogy of hydrolysis in solution and sorption onto surface hydroxyl groups of 
hematite. It was established using Pourbaix diagram that the mixture of Pu(3+), PuO2(+) and some PuO2(2+) could be 
expected in the absence of corrosion products under acid conditions of LNW deep injection. In the presence of 
hematite Pu in the sorbed form, mainly presents in tetravalent form as ≡FeOPu(3+).  

Acknowledgement. This work is supported by Russian Foundation for Basic Research (No 14-03-00821). 
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The repository for high level wastes (HLW) and spent nuclear fuel (SNF) in Russia is planned to be constructed in the 
deep underground crystalline rock formations near the Krasnoyarsk. Three areas of the Nizhnekansky Granite Massive, 
namely “Kamenny”, “Itatsky” and especially “Eniseysky”, are supposed as the most perspective locations for the 
future HLW and SNF disposal site. Physical and chemical properties of rock minerals (especially sorption towards 
radionuclides) are essential for the modeling of their long-term behavior and radionuclides migration through the 
granite body of the repository and, thus, for the Safety Assessment. Previously core materials from the specified areas 
have been studied in terms of petrographic and mineralogical characterization; definition of filtration, elastic, petro-
physical and strength properties; estimation of hydrothermal-metasomatic transformation of rocks. In this work 
sorption of Cs(I), Eu(III) and U(VI) onto granite samples from aforementioned areas is studied.  

Batch sorption experiments were performed both in glove box with inert atmosphere (N2) and at open-air conditions. 
Sodium perchlorate was used as a background non-complexing electrolyte (0.01 M). Initial concentration of each 
cation was 1E-7 mol/L and isotopes (U-233, Cs-137, Eu-152) were used for liquid-scintillation or gamma counting. The 
solid to liquid ratio was kept at 1:4. Rock samples were crushed and sieved with 1-2 mm grain size. Additionally, four 
undisturbed rock slices were used to reveal the minerals responsible for cation sorption.  

The spatial distribution of cesium, europium and uranium(VI) onto surface of the undisturbed rock slices was 
investigated by digital radiography using imaging plate technique. Comparison of radiography and optical images of 
samples allowed us to reveal that dark minerals presented in the investigated rock samples (biotite, chlorite) are mostly 
responsible for Cs and Eu sorption. According to the results of digital radiography about 70 % of radionuclides were 
sorbed onto these minerals whereas biotite and chlorite content is about 20 %, means that dark minerals ca. ten times 
more effectively sorb Cs and Eu than other minerals. The distribution of U among different rock minerals is much 
more homogeneous. The results of time-dependence study of radionuclide sorption showed that steady-state conditions 
of cations sorption onto investigated rock samples are reached within 15-20 days both in inert and air atmosphere. 
Thus, metal concentrations in solutions in other sorption studies were analyzed in three weeks after beginning of 
experiment. It was shown that in case of cesium sorption has no clear dependence on the pH values typical for ion-
exchange mechanism. Thus, observed increase on Cs uptake with increasing of biotite content in rock samples is 
consistent. The pH-dependence of sorbed uranium fraction has typical hump-shape: increase of sorption percentage 
with increasing pH values to 6, plateau (90-98 % of uranium sorbed), decrease of sorption percentage with increasing 
pH values from 8 due to U(VI) hydrolysis and/or carbonate complex formation. 
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The adsorption of strontium and organic acids on MX80 bentonite in NaCl solutions was investigated in batch 
experiments. The organic acids included five dicarboxylic acids (HOOC(CH2)nCOOH) of various alkyl chain lengths 
(n = 0, 2, 4, 7 and 18) and three aromatic acids (benzoic, salyclic and gallic acids). The objective of the work was to 
study the interactions occurring in bentonite systems containing both strontium and organic acids. X-ray diffraction 
and FTIR were used to probe the adsorption mechanism. The sorption of strontium on the bentonite was influenced by 
pH and ionic strength, but not strongly affected by the presence of the organic acids. However, the presence of 
adsorbed strontium significantly affected the binding of the organic acids. In the experimental systems studied, 
structural sites contribute the majority of strontium adsorption to MX80. Although the FTIR did not provide conclusive 
evidence regarding how the organics were bound by the bentonite in these mixed systems, they suggested the binding 
was dissimilar to that found in strontium-free systems. The XRD results indicated that the presence of organic acids 
and strontium affect the interlayer chemistry and layer spacing of MX80 bentonite. 
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A large quantity of acidic waste solution containing uranium is generated when U-contaminated soil and concrete are 
decontaminated using nitric or sulfuric acid in the electrokinetic equipment. If the uranium in the solution selectively 
sorbed on an ion exchange resin or extracted by a proper reagent, the acid would be recycled, and a very small amount 
of sludge would be generated. Two strong anion exchangers, IRA 910 and Ag1x8, were examined to capture uranyl 
sulfate anion complexes such as UO2(SO4)2

2- and UO2(SO4)3
4- from sulfuric waste solution. Tri-n-butyl phosphate was 

used to extract uranyl ions from the nitric waste solution, and the interference of iron ions in the waste solution was 
also considered. When pH of the solution was adjusted to around 9.0 by adding CaO to precipitate uranium ions in an 
acidic washing solution, high concentration of calcium created several problems in the electrokinetic equipment. The 
addition of sulfuric acid reduced the concentration of calcium from 3.8 % to 0.08 % by precipitation of CaSO4. 
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Uranyl peroxide cage clusters self-assemble from aqueous solution under ambient conditions. To date, we have 
isolated more than 80 distinct clusters that differ in the number of uranyl ions, size, and topology. These clusters 
contain from 18 to 124 uranyl ions, and are from 1.5 to 4 nm in diameter. Most are readily soluble in aqueous solution. 
Although peroxide bridges between uranyl ions are thought to be essential for cage cluster formation, other bridges are 
also incorporated into the clusters, including phosphate, oxalate, pyrophosphate, nitrate, hydroxyl, tungstate, and 
phosphite.  

The topologies of uranyl peroxide cage clusters vary dramatically. Several have fullerene topologies consisting of 12 
pentagons as well as hexagons, whereas others consist of combinations of topological squares and hexagons. Several, 
including U60, are topologically analogous to C fullerenes. The largest cluster, containing 124 uranyl ions, consists of 
four cages in a tetrahedral arrangement, and an additional cage at the center of the tetrahedron. The properties of the 
cage clusters, including stability and aqueous solubility, appear to be related to the details of the topologies.  

Uranyl peroxide cage clusters are crystallized for structural characterization, and characterized in solution using a 
combination of small-angle X-ray scattering (SAXS), electrospray ionization mass spectrometry (ESI-MS), dynamic 
light scattering (DLS), static light scattering (SLS), transmission electron microscopy (TEM), and nuclear magnetic 
resonance spectroscopy (NMR). At low concentrations these clusters persist as monomers in solution for months or 
longer, and undergo dynamic interchange between conformations in some cases. At higher concentrations, aggregation 
occurs to form "blackberries" that have well defined shapes and sizes.  

One potential application of uranyl peroxide cage clusters is for recovery of uranium from nuclear materials, such as 
irradiated nuclear fuels. Specifically, uranium oxide fuel can be dissolved under alkaline aqueous conditions in the 
presence of peroxide, which both oxidizes the U(IV) to U(VI) and bridges the uranyl ions, forming cage clusters. 
These clusters may then be recovered from solution by filtration through a porous membrane. Complicating factors 
include blackberry formation and association of counterions with the anionic cage clusters. 
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Any activity that produces or uses radioactive materials generates radioactive waste. Disposal of radioactive waste is a 
complex issue, not only because of the nature of the waste, but also because the need to solve the problem not to 
burden future generations. Retention processes of key important radionuclides were studied within this study.  

Cesium is one of the most important nuclides. The reasons for this are following: the isotope 137Cs has high gamma 
radiation and half life 30.08 years. The isotope 135Cs has very long half life of about 2.3 million years. The isotope 
belongs to group of isotopes in nuclear waste that are present for the very long time scales and can be conveyed far 
from the containment. Another important radioisotope in nuclear waste is strontium. The isotope 90Sr belong to mid-
lifed isotopes with the half life of 29 years. Europium is a typical member of the lanthanide series and can be utilized 
as a homologue for the prediction of other lanthanide behavior. Cesium is chemically very similar to potassium as 
strontium is similar to calcium. They both can then penetrate into the living organism and get it exposed to internal 
irradiation. Therefore it is necessary to prevent migration leaking of these radionuclides to the biosphere and develop 
progressive retention techniques.  

In the presented work, new composite nanomaterials, based on graphene, graphene oxide and cellulose, are developed 
for the retention purpose. The nanomaterials (graphene and graphene oxide) used were prepared from natural graphite 
using high intensity cavitation field [1] in a pressurized (6 bar) batch-ultrasonic reactor (UIP1000hd, 20 kHz, 2000 W, 
Hielscher Ultrasonics GmbH). The graphite was exfoliated with the effect of high intensity ultrasound and delaminated 
graphene nanosheets were used for graphene oxide [2] preparation improved by Hummers method [3]. Graphene oxide 
polystyrene composite was synthesized using direct emulsion polymerization of styrene in the presence of graphene 
oxide at 90 °C. Hydrothermal conditions were maintained in stainless steel stirred autoclave. The metal Ni0 
nanoparticles modified cellulose was prepared by reduction of nickel (II) nitrate with sodium borohydride at 25 °C or 
hydrazine hydrate under refluxing for 24 h. The method used for evaluation of nanomaterial retention properties was 
batch sorption experiment, being based on contact of solid material with tracer solution under defined boundary 
conditions (solid/solution ratio, solution composition etc.). The experiment results were then evaluated, using sorption 
distribution coefficient (KD) and Cation Exchange Capacity (CEC). Acknowledgements: We thank for support from 
Ministry of the Interior of the Czech Republic (Project No. VG20132015132).  
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In order to facilitate the selective sequestration of important radionuclides and contaminants, a surface attached ligand, 
(3-Aminopropyl)triethoxysilane (APTES) has been attached to 2 types of silica with very different surface areas. 
ZEOprep 60 HYD Silica gel, 40-63 μm and fumed silica, 0.007 μm were used as the solid support for APTES 
attachment. A further 14 ligands attached to silica substrates by PhosphonicS Ltd have also been tested for their 
selectivity of sequestration in a solution containing cobalt, nickel, copper, zinc, cadmium, europium and uranium at a 
concentration of ca. 20 ppm.  

Following successful attachment of polymer to the silica surface, our focus moved to the attachment of ligands to silica 
and the testing of their selectivity. By utilising two different silica types, we have been able to investigate the 
differences in the amount of ligand we can attach but then also the ability for each of these to sequester metal. 
Following successful sequestration of some transition metals, our research has been extended by using radionuclides 
including 57Co, 63Ni, 109Cd, 152Eu and 238U. These concentrations ranged from 2.5 ppm up to 160 ppm in some cases. 
To make the investigation more relevant to real case scenarios, a great excess of potentially competitive groundwater 
cations, such as Na+ and Ca2+ were added to further the study. It has been shown that the metal sequestration is not 
significantly affected by the addition of these ions.  

Rd’s for the sequestration of 63Ni from deionised water range from 4  104 to 1.2  107 ml/g compared to 5.3  104 to 
7.9  105 ml/g for potentially competitive calcium in solution and 1.2  105 ml/g to 7.3  106 ml/g for potentially 
competitive sodium sequestration. Isotherms have also been produced across a pH range from 5.01 to 6.80 before 
addition of the material, to a final pH of 6.90 to 9.49 depending on the original concentration and competitive ions in 
solution. Similar Rd values or better have been recorded for other metals including 57Co, 109Cd, 152Eu and 238U.  

Uranium was found to be highly selectively removed by the APTES ligand with copper being the next favourable. 
These results were obtained by measuring the metal concentration before and after the modified silica had been added 
to the aqueous solution using ICP-OES. A minor difference between the ZEOprep and fumed silica materials was also 
noticed in terms of quantity of metal removed. Investigations with the PhosphonicS Ltd. samples have shown a range 
of selectivity with the molecules attached to the silica which include a range of sulphur, nitrogen, carbonyl and 
phosphonate ligands. With many nitrogen containing ligands, uranium was found to be removed from a concentration 
of 21.5 to 1.5 ppm over a four week period, whilst in the same solution, copper was only reduced to 8.5 ppm from an 
original concentration of 19.8 ppm. The remaining metals in solution did not see a noticeable change. The other tested 
ligands have been found, in this seven metal system to be selective for europium and copper whilst none of the other 
metals have seen a noticeable change. 
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Since 2004, the supercontainer design has been selected by the Belgian authority for the management of the nuclear 
waste (NIRAS/ONDRAF) as the preferred new reference design for disposal of High Level Waste and Spent Fuel. 
This design is based on a buffer and backfill materials of Ordinary Portland Cement (OPC). 

 In this supercontainer, the spent fuel will be surrounded by a 30 mm thick carbon steel overpack and a 540 mm thick 
OPC concrete buffer. The supercontainer will contribute to the containment of radionuclides within the waste matrix 
but will also have an effect on the retardation of radionuclide release from the waste and will retard the migration of 
radionuclides. Because the supercontainer design (alkaline cementitious environment) differs significantly from 
designs for HLW and spent fuel used in other national programs, a specific evaluation of the behaviour of spent fuel in 
such high-pH conditions has been started at SCK•CEN in collaboration with NIRAS/ONDRAF. An experimental 
programme has been initiated to study the behaviour of UO2 as an analogue of real spent fuel in the cementitious 
environment of the supercontainer design, more specifically to determine the UO2 stability (dissolution rate), the UO2 
solubility and the influence of alpha radiation on the behaviour of the UO2.  

The experiments are carried out at 25-30 °C in glove box under anoxic conditions in static (SA/V ratio of 6, 17 or 
257 m-1) or dynamic set-up at pH of 13.5, 12.5 or 11.7, representative of the ageing steps of cement. The influence of 
the alpha radiation is investigated using Pu doped UO2. The activity of the doped UO2 batches is in the range 244 to 
1.4 MBq/g of UO2, representative of the ageing of the spent fuel from 150 years to 89000 years after discharge. The 
results are compared with those obtained with depleted UO2, which simulates very old spent fuel. In an additional 
series of experiments, a H2 overpressure was imposed (0.5 or 5 bar).  

The experiments in hyperalkaline conditions confirm the behaviour generally observed with UO2 at neutral pH. In 
most tests, the uranium concentration is close to 10-8 mol.L-1 , which could correspond to thermodynamic equilibrium. 
The experiments with Pu doped UO2 indicate that the dissolution rate and the solubility of UO2 increases with 
increasing alpha activity. Due to the radiolysis of water, the produced oxidizing species, oxidise the U(IV) to U(VI), 
leading to an increase of the uranium concentration. In the tests at high SA/V, equilibrium with U(VI) phases may be 
reached. Based on the results, we estimated a dissolution rate from 0.01 μg.m-2.d-1 for the least active (depleted) UO2 
to 40 μg.m-2.d-1 for to the most active doped UO2. Imposing a H2 overpressure had no significant effect on the UO2 
behaviour, probably because the used UO2 did not contain epsilon particles, which are known to catalyse the H2 
reduction processes on the UO2 surface. 
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The use of digital coincidence opens new perspectives for low background gamma rays measurements. The basic idea 
is that two detectors are collecting independently gamma spectra, but spectrum is not stored as one dimensioned array 
of counts but two-dimensional array where data on each registered photon energy is registered together with 
information on its arrival with several nanoseconds precision. During off-line analyses of such spectrum different 
numeric filters can be applied to search for coincidences between different parts of each spectra, for example 
annihilation line at one spectrometer with certain gamma line of a beta plus emitter registered on another detector. The 
coincidences between any gamma ray line of certain radionuclide and X-ray line of daughter are also possible. The 
constructed by us system uses two HPGe detectors: coaxial in vertical cryostat and planar in L shape cryostat. They are 
shielded by one 5 cm thick standard lead shield. Spectra are collected using CAEN digitizerand they are registered 
using build-in software. The off-line analyses are made by means of purposely written our own code. At moment of 
writing abstract the system is not operating yet. First it will be applied for attempt of 85Kr determination on 
environmental levels (collected in a cryogenic charcoal trap) using gamma-X ray coincidences and 22Na in air using 
511 keV/1275 keV coincidences. The first results will be presented during Conference.  

Work was carried out under the strategic research project “Technologies supporting the development of safe nuclear 
power” financed by the National Centre for Research and Development (NCBiR). Research Task “Development of 
methods to assure nuclear safety and radiation protection for current and future needs of nuclear power plants”, 
contract No. SP/J/6/143339/11. 
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Recent investigations show that sorption properties of solids in natural or synthetic humic acid (HA) solutions strongly 
depend on the ability of HA to form complexes with ions of sorbate and to interact with the surface of solids. In 
general, both factors are negative for the sorption technologies due to the known dramatic diminution of sorption 
processes in HA solutions. We found that industrially produced samples of Fe(II) cyanoferrate(II) (Prussian blue, PB) 
drastically change their sorption behavior in HA aqueous solutions in comparison with inorganic electrolyte solutions. 
Numerous experimental data showed that the revealed synergetic sorption of the couple “PB – HA” may be connected 
with two groups of factors: firstly, an effect of partial HA complex formation by cations in HA-solution which 
suppresses the known stereoselective sorption properties of d-metals cyanoferrates(II), and secondly, the growth of 
sorption affinity of some HA complexes of p-, d- and f-metal cations toward PB in the conditions when HA 
macromolecules don not interact with PB surface due to the same sign of electrostatic charge of interacting particles. In 
this presentation we show the results of investigation of the system “PB – HA” and discuss the reasons of the revealed 
enhancement of the sorption affinity of PB toward HA-complexes of ions of I-VI groups of D.I. Mendeleev Periodic 
System in the framework of the problem of chemical and radiochemical protection of the environment..  
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In connection with the development of modern high-tech industries and changing market conditions in the last few 
years have seen a growing interest in rare-earth elements (REE). This necessitates the creation of new technologies for 
processing of mineral raw materials, as well as various industrial wastes and secondary resources. Virtually all fields of 
REE are part of complex ores, incorporating a wide range of components. In this context a crucial role in the 
development of deposits, processing of ores and other sources play an extraction and sorption methods are widely used 
for the extraction, separation and purification of individual REE.  

In this paper proposed the use of supercritical fluid extraction method for the isolation and separation of REE, uranium 
and thorium in the processing of mineral raw materials and industrial waste such as monazite concentrate and 
phosphogypsum. On the example of organophosphorus reagents such as TBP, CMPO, TOPO, and nitrogen-containing 
ligands DMDOGEMA and TODGA, as well as TBP-HNO3 adduct we studied the possibility of sorption of REE by 
the previously synthesized solid phase extractants, based on carbon nanotubes and polystyrene Taunit media.  

There was a fundamental possibility of separation of REE, uranium and thorium, the above extractants and their 
allocation to individual phases using supercritical carbon dioxide. A scheme for the processing of monazite concentrate 
and phosphogypsum. 
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Decreasing of transfer of radionuclides from soil to vegetation is the main purpose of remediation of radioactively 
contaminated lands with the aim of their returning to farming industry. The method of addition of sorbents to soils is 
seemed to be the most afficient in these cases. Using sorbents should possess affinity to natural systems, high 
specificity and selectivity and also irreversibility of sorption of radionuclides for effective retention of radionuclides as 
wel as to prevent their migration into vegetation and further movement through food chains. A number of publications 
suggest to use natural and modified aluminosilicates for remediation of territories but there were no comparative 
studies of use of various materials, questions of selectivity and reversibility of sorption of radionuclides have not taken 
into an account.  

Comparative study of specificity, selectivity and reversibility of sorption of caesium and strontium radionuclides by 
natural aluminosilicates (glauconite from Karinskoe deposit (Russia) and clinoptilolite from Shivyrtooinsky deposit 
(Russia)) and modified ferrocyanide sorbents based on them is presented in this work.  

The natural glauconite sorbs caesium from tap water with distribution coefficient Кd = 10(3.5±0.1) mL/g, static 
exchange capasity of Cs is 11.0 mg/g; it shows lower specificity to strontium: Кd = 10(2.5±0.1) mL/g, static exchange 
capasity = 9 mg/g. For clinoptilolite these parameters are for caesium Кd = 10(4.4±0.5) mL/g, static exchange capasity 
210 mg/g; for strontium Кd = 10(3.5±0.1) mL/g, capasity = 12 mg/g. Ferrocyanide sorbents concentrate caesium 
radionuclides more effectively: distribution coefficient of Cs from tap water by mixed nickel-potassium ferrocyanide 
based on glauconite is 10(5.9±1.6) mL/g, static exchange capasity of Cs is (63.0±2.0) mg/g; for mixed nickel-
potassium ferrocyanide based on clinoptilolite these characteristics are respectively 10(7.4±1.3) mL/g, 500 mg/g. In 
case of modified sorbents specificity to strontium remains the same as for natural aluminosilicates. Reversibility of 
sorption of caesium by natural glauconite and ferrocyanide sorbent was determined as caesium leaching degree from 
saturated samples. High caesium leaching rates and degrees are typical for natural glauconite irrespective of leachant 
salinity: total degree of leaching after 35 days of leaching was: mineral water = 63.4 %, tap water = 41.6 % and rain 
water = 28.8 %. For flauconite modified by ferrocyanides total degrees of leaching under the same conditions were: 
mineral water = 1.5 %, tap water = 14.6 % and rain water = 6.6 %. Thus, it could be expected, that there will not be 
reliable retention of caesium by solid phase after addition of natural aluminosilicates into soil. Surface-modified 
glauconite and clinoptilolite provide rather lower caesium leaching degrees, so it can be successfully used for 
remediation of lands contaminated by radiocaesium.  

Also the assessment of efficiency of extraction of caesium from soil solutions (solutions after leaching from various 
types of soils). It is shown that using of modified sorbent is more economically feasible, because it is needed 500 mg 
of ferrocyanide sorbent vs. 25000 mg of natural glauconite per 1 L of oil solution to achieve the same decontamination 
degree. The quantity of sorbent to introduce as well as its efficiency will depend on type of soil at contaminated lands. 
Results of experiments have shown that decreasing of transfer of caesium radionuclides from tested soils to vegetation 
after addition of mixed nickel-potassium ferrocyanide based on glauconite was 20 times.  

Thus, it is shown that modification of natural aluminosilicates by ferrocyanides allows to increase their sorption and 
mechanical features and to make sorption of caesium more selective and almost irreversible. These features allow to 
recommend modified aluminosilicates for remediation of radioactively contaminated lands 
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The Bosna River is a tributary of the Sava River. It flows through the central part of Bosnia and Herzegovina. Along 
the Bosna River course, high density of settlements, agricultural areas, industries, not existing or not properly 
functioning urban and industrial wastewater treatment plants contribute largely to the rivers excessive pollution. The 
main objective of the project “Development of a Decision Support System for Reducing Risk from Environmental 
Pollution in the Bosna River” is identification of major risks related to environmental pollution in the Bosna basin and 
formulation of recommendations for technical solutions for the pollution reduction (removal). The project has been 
financed by the North Atlantic Treaty Organization (NATO) the Science for Peace and Security Programme and has 
been implemented as a partnership between two water research institutes: the Slovak National Water Reference 
Laboratory from Bratislava and the Hydro Engineering Institute Sarajevo, Bosnia and Herzegovina. In the frame of 
this Project an assessment of general radiological conditions in the Bosna River has been carried out. This work 
presents the results of natural and anthropogenic radioactivity in water and sediment samples collected along the Bosna 
River to assess the possible impacts of radionuclides on the surface water quality. 
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The properties of radon (half-life 3.8 days, chemically inert) and high activities in groundwater make it a powerful and 
potentially useful tracer of hydrological processes at the interface between surface and sub-surface water bodies. The 
groundwater-surface water interface is a dynamic system that plays an important role in the hydrogeological 
functioning of many catchments. The physical properties of this interface can influence the discharge and recharge of 
aquifers, while chemical attenuation processes that take place during water transfer can affect the quality of both 
groundwater and river water. Study area is used groundwater as a water curtain greenhouse in winter, so shortage of 
groundwater problem is occurred and groundwater-river water interaction was severely varied at this time. This 
variation was studied with 222Rn and 3H during water curtain greenhouse operation period. To understand groundwater 
surface water interaction, multi-depth well sample were collected and groundwater and river water samples were 
analysed for radon and stable isotopes between May 2012 and Nov 2013. The concentration of radon was different 
with the distance of the river and innerside groundwater radon contents was more than 20 % lower than riverside 
groundwater at the rainy season. Rn-222 concentration was varied with groundwater depth and groundwater using time 
at the multi-depth well. It was decreased when high groundwater using winter time due to river water intrusion and 
shallow(5 m depth) and deep groundwater(30 m depth) was nearly river water intrusion region. And H-3 concentration 
was ranged 2.45- 3.98 TU with sampling time and depth. 
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Determining the relationship between surface water and groundwater systems is critical to understanding 
hydrogeological systems, protecting riverine ecosystems, and managing water resources. Due to its high activities in 
groundwater, the radionuclide 222Rn is a sensitive natural tracer to detect and quantify groundwater. In this study 222Rn 
and stable isotope were used as a tracer in groundwater and river water interaction. The short half-life(3.8 days) and 
chemically inert properties of radon make it a powerful and potentially useful tracer of hydrological processes at the 
fast interface interaction between surface and sub-surface water bodies.  

Study area is pilot artificial groundwater recharge system near Nakdong river in Korea. Rn-222 and stable isotope were 
used natural tracer to understand surface water recharge effect. Artificial recharge system was consist of four input and 
one pumping well. Rn-222 and stable isotope samples were collected during recharge operation time. For one day 
recharge operation period, Rn-222 concentration was decreased at the observation well groundwater. OBS-1 and 5 
were decrease about 35 % due to surface water dilution effect but OBS-6 was 4 time increased due to surround 
groundwater input effect. The stable isotopes were similar trend with radon concentration but OBS-4 sample was 
different with other samples. This means different groundwater was introduced during recharge operation time. To 
understand surface water-groundwater interaction, 14 days artificial recharge experiment was performed and 
groundwater samples were collected during the operation time. This long-term experiment result showed radon 
concentration was not varied at the OBS-1 and 2. However, OBS-3 was increased and OBS-4 was decreased with time 
and about 200 hours passed radon concentration was not varied severely. 
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The report presents data about the new method of synthesis of inorganic ion-exchangers in continuous mode of sol-gel 
process, which provides the possibility of obtaining the spherically granulated hydrogels and xerogels of highly porous 
oxides, silicates and phosphates of polyvalent metals. The basis of the process – the reactions of templating 
competitive interactions between Fe and Al salts and the basic components in the reaction mixture, namely, with Ti 
and Zr salts, as well as phosphoric and silicic acids and sodium, potassium, ammonium hydroxides etc. [1,2 ].  

Using the washing procedure of gel spherical particles (d = 0,2 ~ 1,2 mm ) by water with different pH values and 
organic solvents, it is possible, after drying, to obtain the inorganic ion-exchangers with bimodal nanoporosity, in 
particular, with transport ultramicro- and meso-pores and with the specific surface area values around 200 - 600 mg/g 
It was shown that due to the factors of structural compliance (between the size of ultramicropores and diameter of 
sorbed ions) and also complex formation with functional and hydroxyl groups in the matrix of ion-exchangers, the 
selective sorption of cations of d- metals and trace amount of radionuclides 137Cs, 90Sr, 239Pu, 241Am, and uranium is 
carried out from solutions with complex composition. It was also found that in case of the uranium sorption from the 
model solutions of uranyl acetate on the highly porous titanium phosphates is occured the formation of a separate 
phase of uranyl phosphate in mesopores at pH range ~ 5-7, wherein the sorption equilibrium is reached only during ~ 
3000 hours. In the report is also presented data that demonstrate the effect of various factors on the sorption selectivity 
of radionuclides Cs and Sr, and also uranium and transuranic elements by powdered forms of ion-exchangers on the 
basis of amorphous titanium silicates. It was found that this inorganic ion-exchanger has, in some way, the properties 
of universal sorbent, capable to selective sorption of the most long-lived radionuclides from solutions with complex 
composition. Finally, it was shown that the combined use of some inorganic coagulants, based on titanium compounds, 
and the inorganic ion-exchangers investigated in this project enables to purify, almost completely, the liquid 
radioactive waste of destroyed 4th block of the Chernobyl nuclear power plant from the entire spectrum of 
radionuclides. In the report is also presented the field data of our investigations at the Chernobyl nuclear power plant.  

[1] V.Strelko. Method of Completing for Sol-Gel Processing of Sorbents and Catalysts in Aqueous Solutions of 
Inorganic Salts. Focusing on Materials for Pollution Control, Water Purification, and Soil Remediation, Edts. 
P.Innocenzi, Yu. L.Zub, V.G.Kessler. Sprsnger. 2008, p.p. 227-251. 
[2] V.V.Strelko. New Sol-Gel Processes in the Synthesis of Inorganic Sorbents and Exchangers Based on Nanoporous 
Oxides and Phosphates on Polyvalent Metals. J. Sol-Gel Sci. Technol. 2013, (on line). 
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Radiostrontium as a high yield fission product with long physical (28.8 years) and biological half-life (~49 years), is 
one of the most hazardous radiocontaminants in the environment. Therefore, almost all environmental radioactivity 
monitoring programs include its quantitative determination. Due to its radiochemical properties standard procedure for 
its determination is complicated and time consuming. Consequently, so called rapid methods for its separation and 
determination are being rapidly developed [1-4]. However, there is a lack of prompt and reliable methods for 
determination of low level activities in the environmental samples. Hence, in this paper, method for rapid low level 
activity determination which includes simultaneous selective binding of 90Sr and 90Y on chromatographic column filed 
with mixture of DGA-SuperLig resins and subsequent on column Cherenkov detection will be presented. Highly 
selective strontium binding on SuperLig 620 and yttrium on DGA resin are based on molecular recognition [5,6] and 
enable their selective and quatitative binding with almost 100 % recovery. If one assume that in the sample 90Sr is in 
equilibrium with its daughter 90Y, mixture of SuperLig 620 and DGA resin might enable rapid selective separation of 
90Sr and 90Y from matrices and direct on column Cherenkov counting. Therefore, method consist of automated sample 
delivery to the column filled with DGA/SuperLig resins and 90Sr-90Y Cherenkov counting on low level counter, 
TriCarb 3180 TR/SL. Sample is delivered to the column at constant flow rate until the breakthrough point and 90Sr via 
90Y was determined by counting column in PE vial surrounded with 5 M HNO3 to achieve higher efficiency 
determination. Thereby, to develop this method, best mixing options using different media were examined as well as 
breakthrough curves for strontium and yttrium in 0.5 M HNO3 were determined. The new method significantly reduces 
time and human labor for determination of radioactive strontium in water samples. It was validated with proficiency 
testing water samples as well as natural water samples.  

[1] Fiskum SK, Riley RG, Thompson CJ (2000) J Radioanal Nucl Chem 245(2):261-272 
[2] O'Hara MJ, Burge SR, Grate JW (2009) Anal Chem 81:1228-1237 
[3] Dulanska S, Remenec B, Matel L, Galanda D, Molnar A (2011) J Radioanal Nucl Chem 288:705-708 
[4] Ometakova J, Dulanska S, Matel L, Remenec B (2011) J Radioanal Nucl Chem 290(2):319-323 
[5] Izatt SR, Bruening RL, Krakowiak KE Izatt RM (2003) The selective separation of anions and cations in nuclear 
waste using commercially available molecular recognition technology products. In: Proceedings WM 03 Conf, Tuscon, 
23–27 Feb 2003  
[6] TrisKem International, http://www.triskem-international.com/iso_album/ft_resine_dga_en_121219.pdf, cit. 
Accessed 28 August 2013 
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Determination of the isotopic composition of natural radionuclides in natural waters is an integral part of 
radioecological monitoring. A full analysis of thorium radionuclides should solve two problems: determination of 
analytical concentration and isotopic composition. The main problem in the analysis of fresh water with low thorium 
content is preconcentration step; for samples with a high salt content and the complex composition it is removal of the 
most non-radioactive contaminants and alpha-emitters, e.g. uranium, preventing the preparation of high-quality source 
for alpha spectrometry. The aim of this work is to develop a thorium preconcentration step for large volumes of natural 
water. Th-234 was used as tracer in all experiments.  

Coprecipitation with iron hydroxide (III) followed by precipitation on cellulose in frontal chromatography condition 
was choosed for preconcentration of thorium. Theoretical and experimental modeling of thorium coprecipitation with 
iron hydroxide was performed. Calculations of solubility of thorium hydroxide have shown that its own hydroxide 
phase is not formed in range of concentrations typical for natural waters. Therefore, coprecipitation with carrier (iron 
hydroxide) is the only possible way for thorium preconcentration. Processes of iron hydroxide precipitation and 
thorium coprecipitation with iron hydroxide from freshwater were studied by ultrafiltration method in dependence on 
pH, concentration of the thorium and iron (III). To isolate the precipitate of iron hydroxide, which contains thorium, 
we proposed filtration through a nozzle in frontal chromatography condition. Cellulose was used as a nozzle. The study 
allowed to determine conditions thorium preconcentration that provide thorium yield (98 ± 8) %: the concentration of 
the iron (III) is 100 mg/l; pH 6.5-7.5; sediment formation time - 1 hour , the flow rate through column with filtration 
nozzle ~ 130 ml/min cm2 . Weight of nozzle depends on volume of the sample. The ratio of height to diameter of the 
column is not less than 1:10. Extraction of thorium from filter nozzle by ammonium oxalate solution was performed 
under dynamic conditions. The method of coprecipitation with cerium fluoride was used for preparation of samples for 
alpha-spectrometric determination of thorium isotopes. Coprecipitation method with further separation of the 
precipitate by ultrafiltration was selected due to the fact that uranium(VI) remains in solution under these conditions. 
By fluoride precipitation the quality of the sample depends on presence of calcium in the sample, forming a crystalline 
precipitate. Therefore, solubility of cerium, thorium and calcium fluorides with taking into account hydroxycomplexes 
was calculated to optimize the conditions for sample preparation for α-spectrometric determination of thorium 
isotopes. The results have shown that precipitation of calcium fluoride does not occur, while thorium and cerium 
fluoride will be precipitated when concentration of fluoride ions was 1,8 10-5 mol/l ≤ CF- ≤ 5,0 10-3 mol/l. Optimal 
concentrations of cerium nitrate and hydrofluoric acid, providing a quantitative release of thorium and good quality of 
sample for α-spectrometry were determined. Thorium yield in fluoride precipitation step was (98 ± 9) %. Total yield of 
thorium in the whole method, defined by thorium-234 was (98 ± 11) %. Decontamination factor of uranium for 
samples containing up to 500 g/l of uranium according to the methods was ~ 102 ÷ 103.  

Thus, the proposed method make it possible to perform a thorium preconcentration from large volumes of natural 
waters, providing its quantitative extraction and good separation from uranium. This method can be recommended for 
determination of total analytical concentration of thorium and its isotopic composition by alpha-spectrometry. 
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Radon is useful as a tracer of certain groundwater discharge processes in marine and aquatic environments. A 
continuous monitoring system with an equilibrator has used to monitor radon in the fields. However, air-water 
equilibration time of the equilibrators was longer than 30 min. In the present work, we tried to reduce the equilibration 
time by a new equilibrator. The proposed equilibrator consists of an acrylic body, an impeller connected with a DC 
motor, water and air loops. Radon activity of the air loop has measured by a radon-in-air detector. The equilibration 
time can be reduced to 20 min by the equilibrator. It can be used to monitor radon activity continuously in groundwater 
and surface water interface. 
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Economically viable uranium deposit has been discovered at Bahi district in Dodoma Region of Tanzania. The 
uranium deposit in Bahi is reported to be shallow therefore the activity concentration of the area is expected to be high. 
Exploration which is still going on in Bahi might also result into radioactive contamination into the environment. The 
radioactivity might then be transferred to the food chains in the area which may pose a health problem to a big 
population within the Dodoma region and the nearby places. Moreover, the expectations of uranium mining in the near 
future pose another concern on the environmental contamination of radionuclides. This is because uranium mining 
normally leave behind a huge volume of radioactive waste. Hence, there is a need to implement routine radiological 
surveillance during mining, whereby surveillance is best carried out when the pre-mining data are available for 
comparison purposes. In this study samples of soil from different areas in the Bahi district were analysed for 
radioactivity using gamma ray spectrometry of the Tanzania Atomic Energy Commission in Arusha Tanzania. The 
selection of sampling locations was based on the accessibility of the sampling station to the public, as well as their 
proximity to the centre of the deposit and the exploration sites. The aim of this work was to dertermine the 
radioactivity levels in the Bahi district to assess the current radiological status of the area. The information will also 
play an important role on the estimation of any change on the environmental radiation due to the expected uranium 
mining activities. 
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Table wines are part of the Mediterranean diet and a common component of the adults’ diet in many countries. Wines 
are produced from vineyards grown in soils of different types from loam soils to granitic soils and in regions with 
different natural radioactivity levels. Twenty table wines, red and white, from large producers in several regions of 
Portugal, encompassing uranium provinces, were analyzed for naturally occurring radionuclides including uranium 
isotopes, 226Ra, 210Po and 232Th. Four other bottled table wines imported from Spain, France, USA, and Chile were 
analyzed for comparison. Uranium activity concentrations (238U) in Portuguese wines ranged from 1.1 to 12.9 mBq/L, 
226Ra ranged from 2.0 to 22.0 mBq/L and 210Po from 14.8 to 74.4 mq/L. These ranges are nearly comparable to the 
activity concentration ranges determined in imported wines. Concentration of radionuclides in Portuguese wines were 
assessed by regions and it was observed that 238U concentrations were in average slighter higher only in wines from 
granitic regions of the Centre-North than from sedimentary regions of the south of the country. Radium (226Ra) 
concentrations in the wines were generally higher (by a factor of 2) than those of uranium, reflecting enhanced root 
uptake of radium from soils into grapes, such as commonly observed in many agriculture products. Polonium (210Po) 
concentrations in wines were in the average higher (by a factor of 4) than 226Ra concentrations, indicating that most 
210Po in wine was probably from atmospheric depositions on vines and grapes rather than from root uptake. 
Radionuclide concentrations in table wines are comparable to concentrations of the same radionuclides in drinking 
water, and the radioactivity exposure through this ingestion pathway is minor. Results suggest that natural radionuclide 
levels in wine from several continents and latitudes may be very similar. 
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A calibration curve IntCal has been applied for radiocarbon dating of terrestrial samples to correct fine variations of 
14C activity in the environment. The calibration curve has been constructed from precise determinations of 14C levels in 
sample sequences (e.g. tree rings, lake varves, coral layers, etc.). The age determinations of these samples have been 
carried out using other dating methods (e.g. dendrochronology, varve chronology, U/Th dating). The resulting 
calibration curve is a relation between years of calibrated age (real age) and 14C activity (usually reported in years BP 
of Conventional Radiocarbon Age, following generally accepted Stuiver-Polach convention). For this purpose, the 
IntCal13 (2013) curve has been constructed, a more precise version of previously published IntCal09. The headway of 
this curve seems to be close to the linear relation in millennia scales. Nevertheless, the time course of the curve can be 
complicated considerably, if the scale expands on centuries or decades. Four characteristic shapes of the IntCal13 
substructures, and implying limitations and possibilities of radiocarbon dating will be described in our presentation. 
Likewise, responsible mechanisms, connected with changes of environmental carbon (CO2) and 14C (14CO2) transport, 
will also be discussed. 
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A dangerous factor is considered, which may precede the formation of black microholes, strangelets, magnetic 
monopoles and other objects in colliders, – the probability of turning the Earth into the "iron planet" or the flow of iron 
asteroids and meteorites. Proceeding only from real experimental evidence and theory-based provisions: 1) the quark-
gluon plasma is already an experimental fact, 2) the dependence of the binding energy per nucleon from the number of 
nucleons in the nucleus is both experimentally and theoretically accurate, so we can assert that at the present moment 
the technical conditions for an uncontrolled conversion of all the chemical elements in the elements of Fe-Ni-Co group 
are already established, with the probability of catastrophic consequences for the Earth still extremely low, but 3) the 
possibilities of colliders are growing at a high speed and the dangerous threshold can be overcome in a very short time. 
A special group, established by CERN to evaluate the safety of experiments, presented a report which states that the 
Large Hadron Collider is not dangerous. The other dangerous process, which may occur from the uncontrolled 
formation of quark-gluon plasma of large volume and density in the conditions of the CERN experiment, is not 
considered at all. During this process, any substance turns into a cloud of elementary particles, which will condense in 
the process of cooling into the most energetically favorable state – the elements of the iron subgroup, which have the 
greatest values of the binding energy of the nucleons in the nucleus. The released energy will support this process till 
the complete conversion of all the chemical elements of the substance into the elements of the iron subgroup. It is 
believed that the first experimental results on the quark-gluon plasma were obtained in 1990 at CERN Super proton 
synchrontrone (SPS) (the concept of a fireball has deeper historical roots [1] and appeared for the first time in the 
physics of cosmic rays). Then, in 2000, also at CERN, the discovery of this "new state" of matter was announced. In 
the colliders, the energy of particles and the density of their torrent are continuously increasing, which naturally leads 
to a more "hot" chromoplasma, and to the increase of its volume and density. According to the prevailing ideas of 
today, the unlimited expansion of the fireball is very unlikely, but there are other opinions. For example, Academician 
E. Feinberg believed that the lifetime of fireballs is greatly underestimated [1]; Heisenberg’s calculations were already 
giving the abnormally high cross-section of their formation [2]; and Fermi has long ago presented the scheme which 
allows a fireball to expand unlimitedly in the flow of the accelerator [3]. The works of B.L. Ioffe were also published 
[4], which presented the abnormal parameters of the fireball, significantly different from L.D. Landau’s calculations 
[4]. The probability of formation of an abnormally large fireball could be significant. The reaction of "ferruginization" 
may obtain a global or nearly global nature. The possible protective measures to prevent the probable future 
catastrophe are being considered, as well as the hazardous geotectonic conditions of the experiments at CERN.  

[1] ФейнбергЕ.Л.- Усп.Физ.Наук,Т.139,вып.1,1983,с.3-49   
[2] Heisenberg W. - Zs. Phys., 1952, Bd. 133, S. 65 
[3] F e r m i E.-Phys. Rev., 1951, v. 81, p. 683  
[4] Иоффе Б.Л. - ЖЭТФ,1974,т.20,вып.6, с.360-362 
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In 1979, there was a serious accident in the U.S. at the Three Mile Island nuclear power plant which involved two 
power-generating units. In 1986, the world witnessed a large-scale disaster in the USSR at the Chernobyl nuclear 
power plant that operated four power reactors. The last major accident occurred in March of 2011 in Japan. That 
accident involved six reactors. It is known that during the nuclear reactions in the reactors the torrents of anti-neutrino 
are released. At first, the neutrino emission was postulated as extremely high-penetrating, practically non-reactive to 
the matter. However, the capture cross sections of neutrinos, although really having very low values, are being 
measured at the extremely rough criteria. The situation here is somewhat similar to what happened to the neutron. 
Neutron, too, has high penetrating capacity, and often low capture cross sections, but, nevertheless, its cases of 
resonant interaction processes, that have sections many orders larger than normal, are well studied. From the very 
beginning of the discoveries of the neutrino, the "pervasive bias" has been adopted in the description of its properties, 
and little is known about its possible resonant interactions with matter and the research on these interactions. Resonant 
interactions are widespread in the microcosm and the physics of elementary particles, and it is not prudent to deny their 
presence for neutrinos, even with a very small probability. It must be said that for the relic neutrinos, the high level of 
interaction with matter is already widely discussed, but with the caveat that it is not typical for nuclear neutrinos. It is 
obvious for the greater part of the neutrino energy spectrum, but not for resonance. This is the first point. But there is 
another point: the interaction of neutrinos with matter is among the weak interactions, but, as pointed out by 
Academician B.M.Pontecorvo in 1970 [1,2], and discussed even earlier –¬¬ in 1964 – in the works of E.Bialynicka – 
Birula [3], the interaction between the particles them selves can proceed according to the mechanism of the strong 
interaction. This radically changes the situation; the presence of two or more neutrino fields close to each other can 
lead to a strong interaction between them, precisely: 1) to a sharp acceleration of the inverse beta process, which will 
lead to a large release of additional energy, and 2) to an increase in the fraction of excited nuclei in fissile material, 
which will lead to a decrease in its critical mass, and to an uncontrolled change of regimein the reactor to a 
supercritical state. Therefore, the work of two or more reactors located near each other is extremely worrying. The 
tendency to a greater increase in the number of cooperating power units (up to 7-8) is clearly showing. The conception 
of independence of the adjacent units, which is the prevailing conception at present, may appear misleading. At 
present, the most dangerous situations exist in Japan, Canada and India (NPPs with 7-8 power units); Ukraine has a 
nuclear power plant with 6 units (Zaporozhye); in Russia there are stations with 4-5 units. In addition to the mutual 
influence of nuclear power units, the question of the effect of natural neutrino torrents on their work also requires a 
systematic study. The methods of detecting the interactions of nuclear power units according to the neutrino 
mechanism are being discussed.  

[1] Б.М. Понтекорво, Успехи физ. Наук,104,№1,10(1971) 
[2] D. B a r d i n, S. B i l e n k y, B P o n t e c o r v o, Phys. Lett. 32B, 121 (1970)  
[3] Ζ.Bialynicka - Birula, NuovoCim. 33, 1484 (1964) 
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Studies of radioactivity in sea foods are important in estimating the radiological hazards and dose exposure to the 
public. The importance has increased following Japan’s devastating 2011 earthquake and the following nuclear 
accident of Fukushima power plant. This is because there is a fear about risks of leaked radiation from the Fukushima 
Daiichi nuclear power plant to the Pacific Ocean which might have potential impacts on the marine food web. Fish and 
other sea foods normally concentrate radioactive elements particularly, 137Cs and 134Cs in their flesh which are 
eventually passed to humans. Saudi Arabia is importing different types of sea foods from all over the world including 
countries from the Pacific Ocean and Japan. Hence, there is a need to analyse the radioactivity levels in samples of sea 
food consumed in Saudi Arabia for safety consumption. In this study canned tuna samples which were produced in 
Japan and other places in the world were collected in different supermarkets of Riyadh. The samples were produced in 
July 2011 to 2012 a period which is post Fukushima nuclear accident of April 2011. The samples were analysed for 
137Cs, 134Cs and 40K using gamma spectrometry to provide information that can verify the extent and the nature of the 
level of radionuclides in fish associated with nuclear accident of Fukushima in Japan. 
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Uranium mining and milling is known to produce enhancement of environmental radioactivity. In particular through 
surface runoff, waste water discharges, acid mine drainage, and seepage, radioactivity levels may increase in the 
surrounding areas and contaminate groundwater and surface waters. Results from radioactivity surveys in the center 
north of Portugal to assess the impact of past uranium mining activities showed that uranium series radionuclides in 
water may vary in a wide range. For example, in drainage from milling tailings at Urgeiriça, dissolved uranium (238U), 
radium (226Ra) and polonium (210Po) were 35700 ± 1100, 1084 ± 30, and 700 ± 40 mBq/L, respectively. In the river 
Dão in the region, concentrations of the same radionuclides were 8.0 ± 0.3, 5.9 ± 0.8 and 9.7 ± 0.4 mBq/L, 
respectively, at background level and thus much lower. Water from open pits of flooded old uranium mines were often 
also high, such as in Mortórios mine, with 19890 ± 520, 34.8 ± 3.5 and 5.8 ± 0.2 mBq/L for the same radionuclides. In 
water from contaminated irrigation wells near the Cunha Baixa mine, concentrations were 4152 ± 122, 732 ± 53, and 
5.1 ± 0.2 mBq/L. These water bodies and irrigation wells were found contaminated beyond reasonable level for water 
use, and water treatment and remedial measures were applied, including supply of alternate water. However, in such a 
uranium bearing granite regions of Portugal, concentration of radionuclides in water bodies outside the influence of old 
uranium mines were determined sometimes at high levels as well. For example, the water from a bore hole in a farm 
near Espinho village displayed 999 ± 29, 819 ± 42, and 2782 ± 150 mBq/L, respectively for 238U, 226Ra, and 210Po. 
Water from another bore hole in Reboleiro area displayed concentrations of 4205 ± 184, 29.9 ± 1.3, and 
33.0 ± 1.6 mBq/L, respectively for the same radionuclides. These naturally radioactive waters, sometimes with alpha 
emitting radionuclide concentrations higher that in uranium drainage from old mines, likely result from water contact 
with uranium mineralizations, sometimes under oxic other times under anoxic conditions. This calls the attention to the 
need for systematic radioactivity screening of water supplies in granite and uranium bearing areas. Proper water 
management and radiation protection in such regions should encompass waste waters and mine waters, but also natural 
waters. 
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There is increasing awareness of the radiological impact of non-nuclear industries that extract and/or process ores 
containing naturally occurring radioactive material (NORM). These industrial activities may result in significant 
environmental problems if the waste generated during processing is not adequately managed. In 2010, a new project 
was launched in Finland, the object of which is to study the mobility of radionuclides and heavy metals from diverse 
mill tailings in a northern boreal environment. The project is funded by the Academy of Finland and involves the 
Universities of Helsinki and Loughborough, the Geological Survey of Finland and the Finnish Radiation and Nuclear 
Safety Authority. Three sites are being investigated: Talvivaara nickel mine, a former phosphate mine in Sokli, 
Lapland and a former pilot scale uranium mine in Paukkajanvaara.  

The Talvivaara deposits in Sotkamo comprise one of the largest known sulphide nickel resources in Europe. It is an 
operational, open cast mine where Talvivaara Mining Company applies bioheap leaching to extract the metals from the 
ore. The leaching process has been shown to be heat generating and therefore suitable for the sub-arctic climatic 
conditions of Eastern Finland. In heap leaching, uranium dissolves in the pregnant leach solution (PLS) along with 
main base metals. Currently, the uranium is diverted into a gypsum pond. The radioactive progeny from the 238U series 
are also mobilized and fractionate depending on chemical properties and the ambient conditions.  

The Sokli complex is the westernmost deposit in the Devonian Kola alkaline rock province (ca. 365Ma) and was 
discovered by Rautaruukki Oy in 1967. At the end of the 1970s, pilot scale mining and mineral processing took place 
at the site. The latter did not include chemical treatment of the apatite ore; processing was limited to removal of gangue 
minerals by physical methods. The mill tailings were deposited adjacent to the enrichment facility. The deposit is 
presently being developed by Yara International for beneficiation of the regolithic phosphate ore which overlies the 
magmatic carbonatite. In addition to the phophorus ores themselves, the carbonatite massif contains other minerals, 
such as niobium, iron and vermiculite. Apatite, which is known to exhibit elevated concentrations of uranium and 
thorium, is especially rich in the niobium ore.  

The Paukkajanvaara mining site started operation in 1959. The mine was basically a test site for assessing the 
feasibility of larger scale uranium mining. The ore was milled and enriched at the mining site. Mining proved to be 
uneconomic, and the operations ceased in 1961. In the late 1970’s the entrance of the mining shaft was covered with a 
concrete slab and the rest of the area including tailings, waste-water ponds etc., were abandoned. They were left 
untouched for nearly 30 years until Finnish Radiation and Nuclear Safety Authority initiated a review. Their results 
indicated that ambient radiation levels at the site had increased by 0.5 μSv/h as a direct result of the earlier mining 
operations. Rehabilitation was completed by 1994 after which the area was released for outdoor use without 
restrictions. The aim of the project is to generate new data from these three mines leading to a better understanding of 
the mobilization of radionuclides especially 226Ra, 210Pb and 210Po and heavy metals in a northern boreal environment. 
The results will also play an important role in estimating radiation doses to the local population resulting from past and 
anticipated disposal of mill tailings. A short summary of the results gained to date from each site is given in the poster 
presentation. 
  



RADIONUCLIDES IN THE ENVIRONMENT, RADIOECOLOGY - POSTERS 

 

58 

RER-P18, (Id: 137) 
TIME EVOLUTION OF SPECIATION OF RADIONUCLIDES ADSORBED ON SPECIMENS OF HOST 
ROCK ENCASING A REACTOR 

Yulia Konevnik 
IPHE RAS 
leonenko@gmail.com  

 
Three major variants for decontamination of nuclear sites are considered in Russia: (i) dismantling; (ii) conversion; and 
(iii) burial in-place. The concept of decontamination of a shutdown industrial uranium graphite reactor (IUGR) by 
burial in-place was accepted by Rosatom in 2009. The safety of a buried IUGR is based on a system of protective 
barriers consisting of both engineered barriers and natural ones, the latter being the rocks that confine the reactor. The 
natural barrier capacity to function as a safety barrier depends on the geological and geochemical structure of the rock 
mass and its sorption properties with respect to different radionuclides.  

In this work, radionuclide sorption characteristics are evaluated for rock samples taken from the location zone of a 
shutdown industrial uranium graphite reactor, using groundwater of a composition that is analogous to that of the 
groundwater near the reactor location zone, under both aerobic and anaerobic conditions.  

Over the course of two years samples were investigated to determine the sorption kinetics for U(VI), Np(V), Pu(IV), 
Am(III), and some fission products: Co(II), Cs(I), and Sr(II). This study showed that after water-rock interactions for 
1-2 months, the derived distribution coefficients (Kd) continued to increase in long-term experiments up to two years. 
The experiments showed that the rock masses around the IUGR have high sorption characteristics for the studied 
radionuclides.  

To investigate the reversibility of radionuclide adsorption and the strength of the radionuclide bonds with the rock, the 
adsorbed radionuclide speciation and variability has been studied by the Tessier technique. The proportion of strongly 
fixed radionuclide species exceeds 50 % of the total. The results showed that over time the speciation of radionuclides 
changes in two major ways: (i) the quantity of radionuclides that are strongly bound to the residual fraction and 
insoluble under acidic treatment increases with time, coupled with a decreasing proportion of radionuclides bound to 
exchange and carbonate fractions; and (ii) the quantity of adsorbed radionuclides bound to the Fe/Mn oxide fraction 
increased over time, at the expense of all other fractions.  

This study demonstrated that the rock has reducing properties, reducing Np(V) to Np(IV) and U(VI) to U(IV), which 
decreases the mobility of these radionuclides in the deep geological environment. From the data obtained it is 
concluded that reduction by the Fe(II)-bearing minerals contained in the rocks confining the hosting massive of IUGR 
has occurred. Thus, the rock mass will function as an anti-migration protective barrier with respect to the radionuclides 
contained in a decontaminated IUGR, including the irradiated graphite disposed in the rock mass. 
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The mobility of radioactive cesium (Cs) in contaminated soils affected by the Fukushima Dai-ichi nuclear disaster in 
2011 was studied by single-step and sequential extraction experiments. The Fukushima Dai-ichi Nuclear Power Plant 
(FDNPP) accident in March 2011 resulted in serious radioactivity contamination in areas adjacent to the FDNPP. 
Meanwhile, radioactive cesium originated from the accident was detected over a wide range of the northeastern half of 
Honshu, the main island of Japan. The chemical forms of the released radioactive materials are still not clear. 
However, it is highly probable that the behavior and mobility of Cs newly deposited on soils due to the accident are 
different from those of stable Cs that has existed in soils before the accident, because of the difference in chemical 
forms between them. In this study, we have conducted extraction experiments using several extractants on radioactivity 
contaminated soils collected in Japan after the accident, then discussed extraction behaviors of radioactive and stable 
Cs connected to their chemical forms.  

The preliminary extraction experiments on non-contaminated soils revealed that stable Cs in soil was little extracted 
(less than 1 %) with Milli-Q water and 0.11M acetic acid (HOAc, pH 2.8), and that the extractants containing 
ammonium salts could partially extract Cs from the soils. The extracted portions of Cs with extractants containing 
ammonium salts are obviously higher than those with extractants containing cations other than ammonium like 
sodium, magnesium and calcium. This means that aqueous solutions containing ammonium salts are effective to 
extract Cs from soils.  

Based on the findings from the preliminary experiments, we performed the three-step sequential extraction using Milli-
Q water, 1 M NH4OAc solution (pH 7) and 0.11 M HOAc in this order as extractants on some contaminated soils. The 
results of the sequential extraction experiments indicate that only a few percent of radioactive Cs was extracted with 
the 1 M NH4OAc solution, and additionally radioactive Cs was partially extracted at the HOAc step after the NH4OAc 
step, whereas extracted portions of stable Cs in each step were less than those of radioactive Cs. The result reveals that 
radioactive Cs newly deposited on soils due to the FDNPP accident has apparently a higher mobility than stable Cs 
commonly existing in the soils, although most of the radioactive Cs is kept fixed in soils, surviving extraction 
processes.  

We also performed single-step extraction experiments using several extractants on contaminated soils. The results of 
extractions with strongly basic solution suggest that humic acid plays an important role in the extraction of Cs from 
soils at least in the high pH range where it can dissolve, since the amount ratio of humic acid to fulvic acid and the 
content of total organic carbon (TOC) in the leachates seem to be correlated with the extracted portion of Cs from the 
soils. Thus the characteristics of the soils such as amounts of organic matters and their properties probably control the 
mobility of Cs in soils. 
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The 137Cs activity concentrations in six undisturbed soil profiles collected during 2013 in the basin of Pčinja River, 
southeastern Serbia, were determined gamma-ray spectrometrically. Soil samples were collected at 5 cm intervals up to 
50 cm depth at each location. The value of 137Cs activity concentration when each soil layers of all soil profiles 
considered equal, ranged from 0.29 to 70.9 Bq kg-1, with a mean value of 10.7 Bq kg-1. Vertical migration of 137Cs 
activity concentration was shown by unique profile which represents calculated average value based on the measured 
values of 137Cs activity concentration for all six soil profiles by layers, in order to obtain general behavior of 137Cs in 
soil in the basin of Pčinja River. It was noted that 137Cs activity concentration decreased with soil depth up to 40 cm 
and then slightly increased down the profile, which could be consequence of different mechanical, mineralogical and 
chemical composition of soil layers in the analyzed soil profiles. The highest amount of total 137Cs in the soil (25 %) 
was found in the first soil layer (0-5 cm), while the lowest one (2.46 %) was found in the eighth soil layer (35-40 cm). 
Based on the results for the unique profile 74.3 % of the total 137Cs in the soil was found in the first four soil layers 
(from 0 to 20 cm) and only 25.7 % was found in the last six soil layers (from 20 to 50 cm), which indicates the slow 
migration of 137Cs in the deeper soil layers. 
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Environmental behavior of Pu isotopes can be strongly affected by oxidation–reduction reactions which can result in 
changes of their speciation, solubility and transport. Pu(V) and Pu(IV) sorption to three well characterized samples 
from the industrial exploitation site Šaltiškiai in North Lithuania was used to study their sorption kinetics and oxidation 
state distribution in natural clay systems. The composition of clay mineral coatings and their leaching during the 
sequential extraction procedures were investigated by means of the Mössbauer spectroscopy and X-ray diffraction. Pu 
(IV) and Pu(V) were added to achieve their initial concentration of 3 10-10 mol L-1. Solids were separated by 
centrifugation at 6000xg after a desired time.  

Pu activity concentrations were measured by alpha spectrometry. The oxidation state distribution analysis was 
performed using thenoyltrifluoroacetone (TTA), bis(2-ethylhexyl) hydrogen phosphate (HEDHP) and 1,3-diphenyl-
1,3-propanedione (DBM) solvent extraction as well as Pu(III, IV), Pu(V), Pu(VI), Pu(IV) and Pu(IV polymeric) 
species were separated.  

In the natural clay systems the Pu oxidation state distribution analysis in the liquid-phase indicated a comparatively 
high content (up to 75 %) of Pu(III/IV) at pH~5, while polymeric species of Pu(IV) were found to be the dominant 
species at higher pH. Pu oxidation states in the solid-phase were determined after the desorption step using 3 mol L-1 
HCl, and Pu(III,IV), Pu(V) and Pu(VI) as well as Pu(IV) at pH~0 were analyzed in parallel. The content of Pu(III) was 
calculated from mass balance analysis. The obtained results showed that Pu(V) was mainly reduced to Pu(IV), and a 
small portion of Pu(III) found in the system was explained as a result of reduction by iron-bearing minerals such as 
montmorillonite and siderite present in the Triassic clay samples.  

Experimental data obtained from the laboratory and field observation were used in modeling. The kinetic curves were 
evaluated by fitting the experimental data with six different types of kinetic models derived for the following six 
control processes: mass transfer (DM), film diffusion (FD), diffusion in the inert layer (ID), diffusion in the reacted 
layer (RLD), chemical reaction (CR) and gel diffusion (GD).  

Financial support provided by FP7 RECOSY, grant No 212287, the Agency for Science, Innovation and Technology 
of the Republic of Lithuania (contract No. TAP-36/2010), the Research council of Lithuania (contract No. TAP-
54/2010) as well as by the Ministry of Education of the Czech Republic (contract No. MSM 6840770020) is 
acknowledged. 
  



RADIONUCLIDES IN THE ENVIRONMENT, RADIOECOLOGY - POSTERS 

 

62 

RER-P22, (Id: 197) 
PECULIARITIES OF PLUTONIUM ISOTOPIC RATIO DETERMINATION BY ELEMENTAL MASS 
SPECTROMETRY 

Andrius Puzasa, Paulius Genysb, Vidmantas Remeikisa, Rūta Druteikienėa 
aCenter for Physical Sciences and Technology, LITHUANIA 
bVilnius university, LITHUANIA 
 

 
Inductively coupled plasma high resolution mass spectrometry (ICP-MS) is widely used technique for 240Pu/239Pu 
isotopic analysis tool which leads to use plutonium isotopic composition to assess the artificial radionuclide source in 
the environment fast and accurately. ICP-MS measurements usually are performed in low resolution mode 
(m/dm = 300) to enhance and maximize plutonium signal sensivity. In this measurement mode various interferences 
emerge from sample solutions and are likely to overlap plutonium isotopic signal. To study occurring interferences soil 
samples were used. They were prepared by using ion exchange and extraction chromatography separation techniques. 
It was determined that 238U1H+ interfering ion must be taken into the account if 238U+ signal in the sample exceeds 1E5 
cps. However, to take into the account 238U1H+1H+ interference is not necessary. Besides, it is strongly not 
recommended to use hydrochloric acid as a final stabilizing matrix as serious 204Pb35Cl+ interferences occur on 239 
a.m.u mass. For final stabilizing matrix five solutions were tested and it was found that the best one to use is ultrapure 
nitric acid as it creates the lowest background signal on 239 and 240 a.m.u masses. 
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The aim of the study was to determine 210Po and 210Pb in fur samples collected from 15 breeds of dogs Canis familiaris 
living in the northern Poland.  

The average values of analyzed radionuclides in analyzed dog fur ranged from 0.46±0.02 mBq∙g-1 to 15.05±1.13 
mBq∙g-1 for 210Po and from 0.31±0.03 mBq∙g-1 to 9.82±0.53 mBq∙g-1 for 210Pb. The highest activities of 210Po and 210Pb 
were measured for small long-haired dog Maltese while the lowest in small long-haired Yorkshire terrier and Poodle 
toy. The values of the 210Po/210Pb activity ratio were calculated from 0.82±0.09 for Yorkshire terrier to 5.16±0.45 for 
Bolognese.  

Generally, both 210Po and 210Pb radioisotopes accumulation did not depend on dog sex. Higher values of 210Po and 
210Pb were found in long and rough-haired dogs. Further, our experiments showed the hair from dogs living in villages 
contained more 210Pb than dogs living in the cities and dogs eating dry food accumulate more 210Po in their hair in 
comparison to fresh or mixed food eating dogs.  

The authors would like to thank the Ministry of Sciences and Higher Education for the financial support of this work 
under grant DS/530-8120-D384-14. 
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The paper presents unique data of plutonium 241Pu study in seabirds from northern Eurasia, permanently or temporally 
living at the southern Baltic Sea coast. Together 10 marine birds species were examined: 3 species of permanently 
residing at the southern Baltic, 4 species of wintering birds and 3 species of migrating birds; about 150 samples were 
analyzed. The obtained results indicated plutonium is non-uniformly distributed in organs and tissues of analyzed 
seabirds. Generally the highest plutonium concentrations were found in the digestion organs and feathers, next in 
skeleton, and the lowest in muscles. Among analyzed birds the highest 241Pu concentration was found in viscera, its 
activities in the digestive organs ranged from 9.7±2.5 μBq g-1 ww (13.0 % of total 241Pu) in great cormorant (P. carbo) 
to 228±39 μBq g-1 ww (79.6 % of total 241Pu) in velvet scoter (M. fusca). High 241Pu concentrations were also found in 
liver where ranged from 21±4 μBq g-1 ww in velvet scoter (M. fusca) (2.2 % of total 241Pu) to 159±31 μBq g-1 ww in 
tufted duck (A. fuligula) and feathers where ranged from 15±4 μBq g-1 ww in great cormorant (P. carbo) (11.6 % of 
total 241Pu) to 132±59 μBq g-1 ww (34.2 % of total 241Pu) in common eider (S. mollissima). The main source of 
plutonium in analyzed marine birds was global atmospheric fallout as well as the Chernobyl accident, which was 
confirmed by plutonium activity ratios of 241Pu/239+240Pu as well as 238Pu/239+240Pu.  

On the basis of the average 241Pu concentrations in the southern Baltic Sea biocenosis components the plutonium 
content in marine organisms increases as: seabirds < fish < phytobenthos < phytoplankton < zooplankton < 
zoobenthos. The authors would like to thank the Ministry of Sciences and Higher Education for the financial support of 
this work under grant DS/530-8120-D384-14. 
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Most contamination studies have focused on alpha emitting plutonium isotopes so far. 241Pu is less important in terms 
of its radiotoxicity than the α-emitting plutonium radionuclides 238,239,240Pu but is quite significant because of its huge 
contribution to the whole plutonium fallout. Our previous experiments on air samples indicated extreme increase of 
241Pu amount in atmospheric dust in April 1986. The available information about the bioaccumulation and distribution 
of 241Pu in the Baltic Sea ecosystem and Poland territory is still very limited. The main purpose of the present work 
was to complete the present knowledge and estimate the further levels of the Baltic Sea environment contamination.  

The highest total 241Pu concentration in seawater was found in the Słupsk Bank (3.35±0.17 mBq dm-3) and this area 
had the highest concentration of 241Pu connected to suspended matter as well (1.94±0.12 mBq dm-3). High 
concentrations of 241Pu in the central part of the southern Baltic Sea can be a result of Baltic water circulation.  

The 241Pu activity in phytoplankton sample from the Pomeranian Bay was 1.06±0.09 mBq g-1 dw. Within zooplankton 
samples the highest 241Pu activity was found in samples from the central part of the southern Baltic (2.66±0.16 mBq g-

1 dw) and from the Gdańsk Deep (2.64±0.70 mBq∙g-1 dw). In zooplankton samples, similar situation to seawater 
samples was noticed – the highest concentrations of 241Pu were found in the central part of the southern Baltic Sea, and 
similarly to seawater it could be a result of Baltic water circulation. Generally the data show significant differences in 
241Pu concentrations among all the species examined. The highest values of 241Pu activities for whole organism were 
found in fish from Perciformes: benthic round goby (0.863±0.066 mBq g-1 ww) and pelagic perch (0.666±0.001 
mBq g-1 ww). The lowest 241Pu activity was found in flounder (0.104±0.009 mBq g-1 ww). The plutonium was also 
non-uniformly distributed between the organs and tissues of the analyzed fish, especially pelagic herring and cod as 
well as benthic flounder.  

In sediments, the highest amount of plutonium was found in the middle parts of all analyzed sediments and came from 
the global atmospheric fallout from nuclear tests in 1958-61. The distribution of 241Pu in analyzed sediments samples 
was not uniform and depended on the sediment geomorphology and depth as well as on its location.  

The authors would like to thank the Ministry of Sciences and Higher Education for the financial support of this work 
under grant DS/530-8120-D384-14. 
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The main aim project was 210Po determination in caps and stems of mushrooms from Leccinum pseudoscabrum, 
Leccinum aurantiacum, Leccinum vulpinum, Leccinum duriusculum and Leccinum quercinum collected in Pomorskie, 
northern Poland. Mushrooms are organisms which contain a lot of water (75-90 %). Mushrooms absorb heavy metals 
such as mercury, chrome, cadmium and radionuclides: e.g. polonium, uranium, plutonium from the environment (soil, 
air). Our studies have shown that the radionuclides are included not only in green plants, but also in mushrooms. 
Radioactive elements are taken either from the soil, through the mycelium or directly from the entire surface gathered 
in the fruiting bodies. As a result of the Chernobyl accident radioactive contamination of the environment has grown 
considerably. Many European countries were contaminated with significant amounts of radioactive elements.  

In our research natural polonium 210Po were determined. 210Po is characterized by high radiotoxicity and its main 
sources in the environment are water, food, urban pollution and the Chernobyl accident. The average 210Po 
concentration in caps and stem mushroom ranged from 0.85±0.09 mBq∙g-1 in Leccinum quercinum stem to 
10.77±0.47 mBq∙g-1 in Leccinum pseudoscarbum cap. Analysis of 210Po concentrations in mushrooms showed its 
higher values in caps than stem. This means the main source of 210Po is wet and dry atmospheric fallout. The studies 
showed interspecies differences among all analyzed speciec and Leccinum pseudoscarbum (10.15 mBq∙g-1) as well as 
Leccinum aurantiacum (11.83 mBq∙g-1 ) accumulated more polonium than Leccinum vulpinum (2.22 mBq∙g-1), 
Leccinum duriusculum (3.65 mBq∙g-1 ) and Leccinum quercinum (3.57 mBq∙g-1). 
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Humic acids (HA) are one of few omnipresent natural substances, which govern the migration trends of chemical 
elements in the biosphere. Being a complex mixture of high molecular organic compounds, they take part in 
accumulation, aqueous transfer and sorption of chemical elements in natural environment. The impact of HA on the 
sorption of stable trace elements and radionuclides in the geochemical media still remains a subject of intensive 
investigations. The role of HA complexes formation in the bioavailability (sorption) of microelements by plankton, 
lake plankton in particular, is significantly less studied. To determine the formal characteristics of trace elements 
sorption by living (active) and dead (inactive) species of lake plankton and to quantify the effect of HA concentration 
on these characteristics, we have performed an experimental investigation of the sorption systems “lake water - 
plankton – trace elements” under laboratory conditions. The plankton samples were collected in the Beloyarskoe 
Reservoir (Urals, RF). Plankton was chosen as a model object because of its leading role in the distributive 
biosedimentation of chemical elements in continental reservoirs. Due to its high productivity and accumulation ability, 
plankton is supposed to be one of the best bioindicators of contamination of water ecosystems with radionuclides and 
other pollutants, as well as a natural sorbent of trace elements [1].  

The list of the microelements used in the sorption experiments included more than 50 chemical elements, the level of 
which in the lake water was above the detection limits of ICP-MS ELAN 9000. The experimental results of the 
analysis of sorption behavior of trace elements with respect to plankton are discussed in the presentation. It was found 
that for the most trace elements studied sorption by plankton (both active and inactive species) obeys the Langmuir 
law. The presence of soluble HA in water medium results in the reduction of the distribution coefficients of selected 
microelements towards active plankton. It is deduced that lake plankton interacts with trace elements in lake water and 
may be considered as a promising bio-sorbent of trace elements and radionuclides.  

This work is supported by RFBR-Ural (grant #13-03-96061) and UB RAS (grant #12-Т-3-1019).  

Reference  

[1]. M.Ya. Chebotina, V.P. Guseva, E.V. Polyakov. In “Zooplankton: species diversity, distribution and seasonal 
dynamics”/Ed. G. Kehayias. Published by Nova Science Publishers, Inc. New York, 2014. Pp.127-148. ISBN 
QL123.Z67 2014 (eBook). 
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Radioactive mineral waters (rich in dissolved 222Rn) are highly valued for their medical use. Therefore they have been 
intensively explored in last years (2005–2014) in Orlica-Sněžník dome and Krkonoše-Jizera crystalline areas. Springs 
of radioactive medicinal water are bound up with the Cambrian/Ordovician orthogneisses (the Krkonoše, Kowary and 
Jizera orthogneiss).  

For these purposes an exploration method has been developed as a combination of GIS (ArcMap 9.1–10.1) for the area 
preparation followed by field radiohydrogeochemical mapping. As basic GIS layers a geological map 1:50000, 
topography, airborne gamma spectrometry, linear structures from Remote Sensing were used.  

The field radiohydrogeochemical mapping was realized in scale 1:10000 in perspective areas selected by GIS 
preparation. All water manifestations (wetlands, springs, man-made objects) were measured by gamma as an indicative 
method. In case of positive results (increased gamma in water) the water was sampled and a passportized field record 
was written. The exploratory groups were equipped with sensitive field scintillometers RP-11 with RFS-05 gamma 
probes. The 222Rn activity in water samples was determined by the emanometric method (RP-25) at the field base. 
Control analysis in the laboratory by LSC (QUANTULUS) was made. Standardization of all methods is commonplace.  

More than 50 water sources with activity above 1500 Bq/L (i.e. "radioactive mineral waters") were found in the whole 
territory. The highest radon activity reaches 6215 Bq/L in case of the Michael spring near Nové Město p. Smrkem. 
Waters are cold (5–9.5 °C) and low-mineralized (TDS < 100 mg/L), 222Rn is the only important component.  

Gamma activity of fresh flow water is close to zero; it is free of the short-lived 222Rn gamma active progeny (214Pb and 
214Bi). Field measuring of fresh water gamma activity growth indicates its effective age about 7 minutes only. But the 
gamma activity is really detectable in frequent cases where there is a slowdown in the flow and mud or sediment of 
organic material is created. In fact, we have a lot of evidence from the field Gamma dose rate in water reaches 4624 
nGy/h. Relationship of gamma (gamma dose rate in water) and radon-in-water activity is complicated; both quantities 
correlate freely. It depends on the specific situation of every single spring. Generally we can say that the gamma dose 
rate is a function of radon-in-water activity, water velocity and flowing water volume: Dw = f(Av, v, V). Gamma 
method, in spite of radioactive disequilibrium, is useful for exploration of radon-rich waters in crystalline terrains on 
the basis of our empirical findings in the field, much better than the "blind" method. 
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Application of an appropriate model and transfer parameters for radionuclide migration in soils and fresh water 
ecosystems (e.g. lakes) to predict the long-term radionuclide behaviour is of great concern. Transfer of radionuclides in 
lake ecosystem is mostly governed by the processes of diffusion, perturbation of soil or lake bottom sediments and 
transport of long- lived radionuclides with the water flows. In order to evaluate values of diffusion coefficients 3 core 
samples were taken in the vicinity of Vilnius city (Lithuania): in upland and flooded soils (to the depth of 30 cm) as 
well as in lake bottom sediments (to the depth of 40 cm). 238Pu, 239,240Pu and 137Cs activity concentrations in profile 
layers were measured. Two radionuclide activity concentration peaks were characteristic in flooded and upland soil 
cores. In sediments, single radiocesium and plutonium activity concentration peaks were observed at the same depth, 
which depends on the sedimentation rate in the lake (~4.7 mm y-1). The activity concentration 238Pu/239,240Pu and 
isotopic 240Pu/239Pu ratios have shown the global fallout from nuclear weapons testing to be the main Pu contamination 
source in the studied environmental systems. 137Cs/239,240Pu activity concentration ratio values were sufficient for the 
evaluation of the contribution of Chernobyl-derived radiocesium.  

Fitting the deepest slopes of the vertical profiles in the lake bottom sediments of the respective radionuclide activity 
concentration peaks with Gauss functions, it was found that effective diffusion coefficients (for the period from 1963) 
of plutonium and radiocesium were ~0.21 and ~0.16 cm2 y-1, respectively. According to deeper slopes of radiocesium 
activity peaks the determined diffusion coefficients in cores of the flooded and upland soil samples were also about the 
same (~ 0.06 and ~0.07 cm2 y-1, respectively). Deepening rates of the activity concentration peaks related to the 
supposed mobile fraction of both radionuclides were larger in the flooded soil core from the old channel (~0.27 cm y-

1). In the upland soil core they were equal to ~0.16 and to ~ 0.12 cm y-1 for plutonium and radiocesium, respectively.  

Acknowledgements. This research was funded by a grant (No. MIP-041/2012) from the Research Council of 
Lithuania. 
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Radioactive isotopes of anthropogenic origin have appeared in the environment as a result of human activities. The 
main sources of these radionuclides were 1) atmospheric testing of nuclear weapons done in the years 1945-1980 with 
particular intensity in 1951-1958 and later in 1961-1962 and 2) the Chernobyl nuclear reactor accident in April 1986. 
The greatest contribution to the radioactivity level in the environment caused by artificial radionuclides was done by 
radioisotopes of cesium (137Cs) and strontium (90Sr).  

Monitoring of radioactive contamination in the terrestrial and marine environment in Poland was performed by Central 
Laboratory for Radiological Protection (CLOR) from early seventies. An extended monitoring program of radioactive 
contamination of Polish surface waters was carried out by CLOR since 1992, as a work done on request of the National 
Fund for Environmental Protection. In the frame of this monitoring the samples of water were collected twice of year 
(spring and autumn) from the sampling points located along two main Polish rivers: Vistula River and Odra River and 
in selected polish lakes situated in different part of the country.  

In 2012-2013 the water samples were taken from 7 sampling points on river Vistula and her tributaries, 5 sampling 
points on river Odra and her tributaries and 6 lakes situated in lake districts Drawskie and Lubuskie, region of Warmia 
and Mazury, Suwalki region and Lublin Province. Determinations of 137Cs and 90Sr in twenty liters water samples 
were performed by radiochemical method and activity concentration of these radionuclides were measured using low 
level beta counter.  

In 2012-2013 the average activity concentrations of 137Cs in the drainage basin of the Vistula ranged from 2.99 mBq/l 
to 6.58 mBq/l, of Odra River from 2.44 mBq/l to 6.11 mBq/l and in lake waters varied from 1.92 mBq/l to 7,96 mBq/l. 
The average activity concentrations of 90Sr in river waters ranged from 1.89 mBq/l to 8.00 mBq/l, and from 1.98 mBq/l 
to 22.84 mBq/l respectively and in water of lake from 1.69 mBq/l to 6.19 mBq/l  

Both, the annual average concentrations of analysed radionuclides and the data obtained for single determinations for 
water do not differ from data obtained in previous years. Monitoring of radioactive substances in Polish surface waters 
leads to the conclusion that 137Cs and 90Sr contamination of rivers and lakes on the Polish area is still low. Our 
determinations confirm that new releases of radioactive isotopes into the environment, with a significant impact on 
water contaminations, were not observed in Poland.  

*) This work was sponsored by National Fund for Environmental Protection, Poland 
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In recent decades, a global trend has been observed in an increased consumption of medicinal plants and herbal 
formulations, which makes monitoring of herbal medicines to be an actual problem as regards their pollution with 
heavy metals, pesticides and radionuclides [1]. The highly-toxic are long-lived decay products of U-238 Series, 210Pb 
and 210Po. In plants, which are used for making medicinal formulations,the 210Po content can be as high as several tens 
of Bk/kg [2].  

The aim of the present work was to determine specific radioactivity of 210Pb and 210Ро in medicinal plants, which are 
commercially available via the network of pharmacies, and to estimate the effective radiation dose due to 210Ро in 
humans for a 30-day course of treatment with phyto-teas prepared by infusion from these herbs. Ро-210 in samples and 
in aqueous extracts were determined by alpha-spectrometry. The samples were digested with a mixture of 
Н2О2 + HNO3(conc.). The aqueous extracts were obtained according to the recommended procedure. 210Ро was 
quantitatively self-deposited on nickel discs,the remaining solution having been kept for 6 to 8 months for 210Ро to 
accumulate from 210Pb. After that period 210Ро was deposited again. As a tracer to check chemical yields,a mixture of 
208Ро and 209Ро was used. All data are recalculated for the time the samples were made.  

Six samples were studied. They are:  
1. Quercus dalechampii Ten.;  
2. Alpinia officinalis L.;  
3. Ledum palustre L.;  
4. Betula pendula Roth;  
5. Plantago major L.;  
6. Artemisia absinthium L.  

Specific radioactivity of 210Pb was from 1.3 (Alpinia officinalis L.) to 18.1 (Ledum palustre L.) Bq/kg d.w. and that of 
210Po was from 94 (Betula pendula Roth) to 2257 (Ledum palustre L.) Bq/kg d.w. The 210Ро/210Pb ratio in the samples 
under study substantially exceeds unity, which means that the origin of 210Ро in there is not related only to radioactive 
decay of 210Pb. A fraction of the “unsupported” 210Ро is mere 0.2–5.0 % of the total amount of the radionuclide, 
whereas the “unsupported” 210Ро fraction is close to 100 %. Analogous results are given in [3]. The obtained data can 
be explained by a predominant absorption of 210Ро over 210Pb by plants from the environment. For example, it is known 
that the mean value of the 210Ро/210Pb ratio in air is 0.17, in atmospheric deposits, from 0.1 to 0.54, whereas in soil it is 
close to 1.0 [4]. The mean annual dose of radiation for the population of the Russian Federation due to 210Pb, 210Po, 
228Rа, and 226Rа radionuclides in food and drinking water is estimated to be at a level of 164 μSv/yr [5].The radiation 
exposure due to 210Ро, which enter the human organism with a daily consumption of 100-300 mL of medicinal plant 
infusions for 30 days, is from 2 to 21 μSv. It amounts from 1 to 13 % of mean annual dose. Based on the above, a 
conclusion is drawn on that the relative contribution of phyto-teas into the effective annual radiation dose due to 
Polonium-210 in humans is substantial and should be taken into account.  

[1] Chan К. Some aspects of toxic contaminants in herbal medicines. Chemosphere,52,2003,1361 – 1371. 
[2] Desideri D. et al. Natural and artificial radioactivity of some medicinal plants. J. Environ. Radioact.,101,2010,751 – 
756. 
[3] Vaaramaa K. et al. Distribution of 210Pb and 210Po concentrations in wild berries and mushrooms in boreal forest 
ecosystems. Sci. Total Environ.,408,2009,84 – 91 
[4] Parfenov Y. D. Po-210 in the environment and in the human organism. Atomic Energy Rev.,12,1974,75 – 143. 
[5] Commentaries to Radiation Security Norms (NRB-99-2009). Мoscow, 2009 (in Russian). 
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As to their biological effect, 210Pb and 210Ро - radionuclides are in a group of the most toxic ones. 210Pb and its daughter 
products are mainly formed in the atmosphere following alpha-decay of 222Rn. Then, together with dry and wet 
depositions, these products are precipitated on the soil surface and plant leaves, the latter being known as a plant part 
with an enhanced content of 210Ро [1]. As teas are globally the second only to drinking water as regards the volume 
consumed, the determination of 210Ро in teas is an actual problem.  

The aim of the present work is to determine specific activity of 210Ро in different types of teas (black and green ones) 
and to estimate the effective annual radiation dose due to alpha-particles of 210Ро that enters the human organism when 
drinking tea. The content of 210Ро in samples and aqueous extracts thereof was determined by alpha-spectrometry. The 
aqueous extracts were obtained by brewing 10 g of tea in 200 mL of boiling water for 10 minutes. The effective annual 
radiation dose was calculated assuming that the daily consumption was 10 g of dry tea. Experimental results and 
calculations are presented below.  

Sample and country of origin;  
Specific radioactivity of 210Po,Bk/ kg; Fraction of extracted 210Po, %;  
Effective annual radiation dose due to 210Po, μSv/yr  
Black Teas  
1.Princess Nuri (India); 7.3±1.4; 17 %; 5  
2.Krasnodar (Russia); 12.7±3.5; 1.5 %; 1  
3.Lisma (Ceylon); 16.7±4.6; 4 %; 2  
4.Talk (India); 24.5±4.8; 4 %; 3  
Mean 15.3±5.0; 6.6 %; 3  
Green Teas  
5.Bird Ceylon Tea; 1.0±0.3; 11 %; 1  
6.Jaf Tea (Ceylon); 3.2±0.8; 55 %; 9  
7.Bird of Paradise; 3.5±1.0; 18 %; 3  
8.Princess Java (China); 24.4±4.2; 13 %;  
9 Mean 8.0±3.0; 24.3 %; 6  

Variations of 210Ро specific radioactivities in the samples under study may be attributed to varying 222Rn concentrations 
in the surface air and different soil properties of the tea gardens. The mean 210Ро concentration in the samples of black 
tea is approximately two times that of in the samples of green tea, a possible reason for this being specific processing 
technologies for different types of tea. The raw material used for making green tea is treated with steam at 
temperatures from 95 to 100 °C [2], the weakly bounded Polonium species (e.g., those of in dust particles) being taken 
off the tea-leaf surface. When making black teas, there is no stage of steam treatment and 210Ро is not removed from 
the tea leaves. When making green tea in China, instead of steam treatment it is another procedure that is used, that of 
roasting the raw material at temperatures from 65 – 75 °С [2]. It cannot result in the removal of 210Ро from the leaf 
surface, and in the “Princess Java” green tea produced in China there are more radionuclide than there is in teas from 
Ceylon.  

Green tea aqueous extracts are known to contain more organic substances than those ones from black teas [2]. The 
higher 210Ро content in extracts from green teas might be an indirect indication of a change of the physico-chemical 
state of the radionuclide during the stage of processing the tea raw material. It is possible that a certain part of the 
radionuclide transforms from the initial inorganic species into an organic one.  

 

On drinking green teas, the maximum effective annual dose due to 210Ро, which is equal to 9 μSv/yr, is comparable to 
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the total annual dose due to 210Pb, 210Po, 228Rа, and 226Rа nuclides acquired from drinking water and is estimated to be 
10 μSv/yr [3].  

[1] Parfenov Y. D. Po-210 in the Environment and in the Human Organism. Atomic Energy Reviews, v. 12, 1974, p. 
75–143.  
[2] Semenov V. М. The Newest Encyclopedia of Teas. Moscow, Nauka, 2006 (in Russian).  
[3] Commentaries to Radiation Security Norms (NRB-99-2009).Мoscow, 2009 (in Russian). 
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Uranium isotopes U-238 and its decay product U-234 and also U-235 are isotopes primary existing from the beginning 
of the earth. These isotopes are present in all components of the environment. The main source of uranium isotopes 
passing into the human body is drinking water and food. Uranium is toxic both chemically - as a heavy metal and 
radiochemically - as an emitter of alpha and gamma radiation. The most of uranium absorbed by man is excreted 
through the kidneys, the urine is therefore a good biomarker for it. The aim of the study was to:  

1. Determination of the concentration of U-238, U-234 and U-235 in daily urine samples of people not having 
documented work with uranium isotopes.  

2. Calculation of the absorptions and effective doses, based on the daily excretion of uranium isotopes with the urine, 
to determine reference level for the evaluation of internal contamination. Daily urine samples were collected from 
residents of Warsaw, adults who had never worked with uranium compounds and children. U-238, U-234 and U-235 in 
urine samples were determined radiochemically in the presence of the marker U-232. In all examined cases, the 
radioactive concentration of U-235 were below the limit of detection to be 0.5 mBq/l. U-238 activity concentrations of 
the tested samples for adults ranged from 3.83±0.93 to 30.54±1.7 mBq/d (average : 16.1±3.4 mBq/d ) and the U-234 
concentration were in the range of 4.96±0.95 to 28.61±2.6 mBq/d (average : 12.31±1.09 mBq/d). For children an 
average daily urinary excretion of U-234 was 1.81±0.74 mBq/d and of U-238 was 1.23±0.37 mBq/d.  

There was a correlation between daily uranium excretion and person’s age for U-234 and U-238 (respectively 
R2 = 0.48 and R2 = 0.44). This indicates that the amount of daily uranium excreted increases with age, but it is not 
dependent on sex. On the basis of data on a daily excretion of uranium isotopes in urine daily and annual absorption of 
these isotopes were calculated. It was assumed that uranium introduced into the blood from the digestive tract is in 
equilibrium with the uranium present in the human body, and the transmission factor f1 = 0.02 is the same for all 
components of the diet. The average annual ingestion of U-238 and U-234 for adults was 4.58±0.34 Bq/year and 
5.97±0.97 Bq/year respectively. With annual ingestion of uranium isotopes the mean effective dose was calculated. 
This dose for adults inhabitants of Warsaw was 0.21 μSv/year from U-238, and 0.29 μSv/year from U-234, giving a 
total dose of uranium equal to 0.50 μSv/year. This dose represents approximately 0.05 % of the annual dose limit for 
the population.  

The calculated average daily and annual ingestion of U-234 and U-238 for children were respectively 1.89 mBq/d and 
0.69 Bq/year and 1.28 mBq/d and 0.46 Bq/year. Calculated the annual ingestion of U-238 for children are about 10 
times lower than the average ingestion of this radionuclide for adults 5.0 Bq/year. Average effective doses for children 
of U-234 and of U-238 were at 0.02 μSv/year, giving a total dose of uranium equal to 0.04 μSv/year. Total effective 
dose for children is 10 times lower than the annual dose received by adults. 
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210Po is natural, short-lived (T1/2 = 138.3 days) alpha radiation emitter. It occurs in Earth crust in trace amounts as a 
product of radioactive Uranium–Radium decay series. The isotope is found in small amounts in human environment: 
air (<0.5 mBq/m3), drinking water (about 0.5 mBq/L), food (20-200 mBq/kg), tobacco (13.3 mBq/cigarette in Poland ) 
and cigarette smoke (9.62 mBq/cigarette in Poland). Polonium introduced into the body is strongly radiotoxic, 
damages circulatory system and lungs. In the case of 210Po igested by humans, the content of this radionuclide in the 
human body can be determined based on the analysis of excreta such as urine samples. 210Po is a daughter of 210Pb 
which is beta and gamma emitter of half-decay T1/2 = 22.3 years. In small quantities, it is present in the human 
environment: air (<0.1 mBq/m3), drinking water (approximately 1.5 mBq/l), food (43-155 mBq/kg). 210Pb in the 
atmosphere, in addition to natural origin, artificial isotope of nuclear explosions origin is introduced (particularly in the 
years 1952 to 1962). 210Pb is toxic both as a heavy metal, accumulating in the human body and as a radioactive isotope.  

The aim of the study was the determination together 210Po and 210Pb in urine samples of people not occupationally 
exposed (smokers and non-smokers). Urine samples of adults Warsaw inhabitants were collected. There were analyzed 
daily samples and two days samples. The average volume of the sample was 1.73 l/24 h (range 0.9-2.3 l/24 h).  

The samples, after the addition of the tracer 209Po, were evaporated almost to dryness with the addition of about 50 ml 
of concentrated HNO3. To the thus prepared samples perchloric acid was added in order to drive off the nitric acid. 
Samples were evaporated and the residue was dissolved in a 0.5 M solution of hydrochloric acid with a small addition 
of ascorbic acid (complexing metal ions such as Fe3+). This was followed by deposition of 210Po and 210Pb on a nickel 
disc dimensions f = 23.8 mm, thickness 0.5 mm, coated on one side with teflon. Deposition was carried out, stirring the 
solution, for 6 hours at 85 °C, all the while controlling the temperature and liquid level. After the deposition disc was 
removed, rinsed with water, ethanol and dried. Then the measurement of 210Pb beta radiation was carried (thin film 
covering the disc to eliminate alpha radiation). Next the measurement of 210Po alpha radiation was perforemed.  

Fluctuations in activity concentration of 210Po in the urine are quite substantial, from 1.01 mBq/l in urine sample of 81 
year old woman tobacco smoker to 13.38 mBq/l in urine sample of 62 year old man, also a smoker of tobacco. 
Average 209Po yield pattern was 42 %. Concentrations of radioactive 210Pb in urine are less diverse and range from 0.86 
mBq/l in urine sample of 59 year old non-smoker male to 8.97 mBq/l in urine sample of 62 year old female non-
smoker. On average, tobacco smokers excreted per day in urine 5.84 ± 6.23 mBq/d (range 1.84 - 21.01 mBq/d) of 210Po 
isotope and on average 7.37 ± 4.42 mBq/d (range 1.86 - 15.78 mBq/d) of 210Pb isotope. Non-smokers excreted in the 
urine per day on average 4.23 ± 2.81 mBq/d (range: 2.35 - 10.30 mBq/d) of 210Po and 6.76 ± 2.97 mBq/d (range: 1.86 - 
11.14 mBq/d) of 210Pb. Daily excretion of 210Po with urine increases with age insignificantly. The highest values were 
observed for persons at the age of about 60 years. 
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Studies on the competitive sorption of radionuclides and other metal ions are often conducted using elements with 
similar chemical properties, such as oxidation states. A study by Bradbury and Baeyens [1] suggests that metal ion 
sorption on clay minerals is non-competitive when the metal ions have significantly different chemical properties. 
Thus, metals with same oxidation states and a similar tendency towards hydrolysis would compete with one another, 
while metals with different properties would not. For example, competition for the surface sorption sites would occur 
for Eu(III) and La(III) but not for Eu(III) and Ni(II). The effect of sorption competition has to be considered correctly 
in performance assessment calculations for nuclear waste repositories, in order not to overestimate the retention of 
radionuclides in the presence of multiple solutes.  

In the present study, the possible sorption competition of metal cations on oxide minerals with different pH dependent 
surface charge properties is investigated by batch sorption experiments. At first the influence of pH on the sorption 
behaviour of europium(III), lanthanum(III) and nickel(II) on different minerals is investigated in a series of 
experiments without a competing cation. In a second step, sorption competition studies are conducted using Ni(II) and 
Eu(III) that have different oxidation states and hydrolysis behaviour and with Eu(III) and La(III) that have similar 
chemical properties to resolve whether or not the findings of Bradbury and Baeyens can be applied for the investigated 
mineral systems. The oxide minerals TiO2, ZrO2 and α-Al2O3 were chosen based on their different surface charge 
properties. Experiments are done with and without the competing element in buffered solutions in a glove box under 
N2 atmosphere. The competing element is added before, at the same time or after the primary metal addition to 
distinguish the role of different kinetics of sorption and desorption. The metal concentration of at least one element has 
to be high enough to be outside of the ideal sorption range where site saturation effects are expected to occur. Initial 
results indicate that Eu(III) and Ni(II) are not competing for the same sorption sites as the hypothesis of Bradbury and 
Baeyens [1] suggests. The batch experiments are still on-going and a summary of the main results will be given in the 
presentation.  

[1] Bradbury M. H. and Baeyens B., (2005) Experimental measurements and modelling of sorption competition on 
montmorillonite, Geochimica et Cosmochimica Acta, 69, 4187-4197. 
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As an attempt to reduce the social costs and apprehension arising from radioactivity in the environment, an accurate 
and rapid assessment of radioactivity is highly desirable. Naturally occurring radioactive materials (NORM) are widely 
spread throughout the environment. Concern regarding the radioactivity from these materials has therefore been 
growing over the last decade. To determine the proper handling options, a rapid and accurate analytical method that 
can be used to evaluate the radioactivity of radionuclides (e.g., 238U, 235U, 232Th, 226Ra, and 40K) should be developed 
and validated.  

Typically, α-spectrometry has a major disadvantage of a long counting time, while it has a prominent measurement 
capability at a very low activity level of 238U, 235U, 232Th, and 226Ra. Contrary to the α-spectrometry method, a 
measurement technique using ICP-MS allows radioactivity in many samples to be measured in a short time period with 
a high degree of accuracy and precision. For both techniques, however, the pretreatment process consequently plays an 
important role in the measurement uncertainty. Thus, a method development and validation should be performed. A 
method was developed for a rapid analysis of natural radioactive nuclides using ICP-MS. A sample digestion process 
was established using LiBO2 fusion and Fe co-precipitation. A magnetic sector field ICP-MS (SPECTRO MS) was 
used for a rapid determination of the radionuclide concentration. For an evaluation of the accuracy and precision of the 
method, certified reference materials (CRMs) were analyzed using an established process. The analytical results of 
CRM samples were in agreement with the certified concentration values.  

In this study, the radioactivity concentration in raw materials (e.g., bauxite, bentonite, ceramic, clay, monazite, and 
zirconium sand) and by-products (e.g., coal fly and bottom ash) was determined using ICP-MS and LiBO2 fusion 
method. To validate the analytical results using the method evaluated in this study, duplicate samples were also 
analyzed using an instrumental neutron activation analysis. 
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Disposing of the nuclear industry wastes in Russia and the U.S.A. in the 20th century have led to significant amount of 
storages not equipped with appropriate effective/protective barrier systems. This pose risks of environmental pollution 
through dissipating harmful macrocomponents and radioactive nuclides. The basic RW macrocomponent are nitrate 
ions present at concentration levels from 10 to 350 g/dm3. These are rather toxic for ecosystem for the and are 
characterized by high migration level. The factor that can significantly impact to the migration profiles of nitrate and 
metals in the environment is the influence of biochemical processes. The purpose of this work is to create a barrier for 
the immobilization of nitrate ions in subterranian freshwater through the intensification of biochemical processes by 
organic matter around the artificial pond – surface repository B-2 with LRW at the Siberian Chemical Combine. It will 
be the part of the existing barrier system of the conserved repository B-2 at Siberian Chemical Combine. Nowadays 
there is new geochemical barrier based on silicate polymers in groundwater around the conserved repository. It can 
block main radionuclides with very high efficiency, but can’t slow-down the nitrate ion migration risk. The 
concentration of nitrates in groundwater around the conserved repository can crease up to 5000 mg per liter. The 
essence of the biobarrier method is to stimulate the vital processes of autochthonous (indigenous) microorganisms 
leading to the destruction of nitrate ions to ecologically safe molecular nitrogen by injecting to contaminated zone as 
organic substrates into groundwater around the repository.  

In laboratory conditions, indigenous bacteria of groundwater samples were proved to be able to decrease nitrate 
concentration from 3-5 g/l to 10-15 mg/l when were amended with acetate, sucrose, lactate, or glucose in concentration 
1-5 g/l as electron donor and carbon source. These results are the scientific basis for the development of biobarrier 
technology. This biotechnology could improve the existing barrier system of repository B-2. The project was supported 
by grants: Russian Foundation for Basic Research (№ 13-04-92105 and 14-03-00067) 
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During the period of nuclear power facilities in the world, Russian Federation and the United States have accumulated 
a significant amount of radioactive waste (RW) in liquid form, which contacted with the biosphere in accidental 
emissions and while being stored in open repositories. Radioactive waste in the environment cause number of toxic 
effects by ionizing radiation and chemical components, especially nitrate salts in concentrations up to 300 g per liter, 
oils, EDTA and other chelating agents, and heavy metals. Toxic effects caused by exposure of radioactive waste 
components are key issues in radioecology and environmental biotechnology, for example, for monitoring nuclear 
objects after conservation. To assess the toxic effects on ecosystems test model (algae, plants, protozoa, arthropods, 
fish) are usually used, but such methods are often expensive and long-termed process.  

Aim of this paper, is to assess the toxicity of radioactive waste on the ecosystem by electrochemical method based on 
the respiratory activity of aerobic bacterial cells immobilized on the modified Clark electrode. This method allows to 
obtain data of the waste components concentration effect on the rate of cellular respiration. Recognizing element 
(bioreceptor) on the basis of immobilized cells was fixed on the measuring surface of an oxygen electrode Clark type 
using a nylon mesh Immobilization of cells.  

For that we use a cell suspension, which contains 10 μg cells . The time of single measurement is 6–8 min. For work 
we use aerobic organotrophs bacteria from groundwater samples exposed radioactive waste from PO "Mayak" and 
Syberian Chemical Combine. Nitrate ions, metals, organic compounds concentration effects on the process of cellular 
respiration are established. 
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Soils play an important role in accumulation of airborne radionuclides. Plutonium isotopes released by nuclear 
weapons testing are still present in the environment, especially in soils. There are several sources of radioactive 
contamination in the European sector of the Arctic. The most substantial include global weapons fallout, fallout from 
nuclear weapons testing near Novaya Zemlya and from Chernobyl accident, and discharges from the nuclear 
reprocessing plants Sellafield (UK) and La Hague (France). The aim of this study was to investigate activity 
concentrations, activity ratios and inventories of 137Cs, 238Pu, 239+240Pu and 241Am in 8 soil profiles and 3 bottom 
sediment profiles from tundra lakes of Petuniabucta coast (Central Spitsbergen). The loose and poorly developed soils 
were collected from raised marine terraces covered with sandy-gravel sediments (PET1, PET2, PET3) and from 
coarse-grained screes (PET4, PET6, PET8). The Ebbadalen tundra lakes (PEL1, 2, 3) occupy shallow depressions 
underlain by mineral soil or thin peat in permafrost terrain.  

Results obtained in this study show differences in activities of artificial radionuclides among the investigated profiles. 
The highest activities of 137Cs, 238Pu, 239+240Pu and 241Am observed in profile PET4, reached 123±11 Bq/kg, 0.13±0.04 
Bq/kg, 3.82±0.31 Bq/kg and 1.2±0.1 Bq/kg, respectively. Artificial radionuclides in most of the tundra soils were 
concentrated in the upper 4 cm but in one profile (PET5) maximum activity concentrations each radionuclide was 
observed at 10 cm depth. The deeper occurence of radionuclides in profile PET5 can be explained by occasional 
accumulation of aluvial deposits in that site. Location of activity maxima points to accumulation of 10 cm thick 
deposits during last 50 years. The activity ratios provide important information on the origin of radioactivity in soils, as 
they can be used to distinguish between global (stratospheric) and regional (tropospheric) sources of these 
radionuclides. Isotopic analysis of plutonium reveals provenance of this radionuclide, for example whether the 
plutonium burdens are associated with bomb fallout or are derived from other sources. The 238Pu/239+240Pu activity 
ratios varied from 0.02 ± 0.01 to 0.07 ± 0.02, suggesting global fallout as the dominant source of Pu (0.03-0.05). The 
239+240Pu/137Cs activity ratios varied from 0.02 ± 0.01 to 0.09 ± 0.02 and exceeded published global fallout ratio for 
Svalbard of 0.05. The 241Am/239+240Pu activity ratios ranged between 0.32 ± 0.04 and 1.24 ± 0.13 and exceeded the 
global fallout ratio for Svalbard of 0.37 due to the relatively higher geochemical mobility of Pu vs. Am and/or 
ingrowth of Am from the decay of 241Pu.  

The 137Cs inventories in each profile were lower than the deposition fluxes (2.2 kBq/m2) reported for Svalbard. The 
239+240Pu inventories varied between 20.1 ± 1.6 to 50.3 ± 5.0 Bq/m2 and exceeded values of 239+240Pu 14 - 26 Bq/m2 
from atmospheric weapon testing.  

This study was supported by the Foundation for Polish Science PARENT-BRIDGE Programme co-financed by the EU 
European Regional Development Fund. 
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Complex oxides with the structure of the mineral pollucite (CsAlSi2O6) represent a large group of compounds and they 
are basic for the development of materials for different purposes, including immobilization of cesium from waste of 
radiochemical industries and preparation of medical sources radiation. The number of such oxides has increased 
significantly basing on isomorphism of atoms in the crystal lattice and calculations modeling compounds of 
phosphorus-containing phases [1]. Isomorphic substitution of aluminum by boron leads to the increase of cesium mass 
fraction and growth of the specific activity of the compound in the case of a radioactive isotope. Inclusion of boron in 
the phosphorus-containing pollucite-like phases provides new possibilities for the development of materials for nuclear 
medicine (boron neutron capture therapy, BNCT) and ceramics - neutron absorbers. Oxides with pollucite structure 
containing boron and aluminum Cs[MgR0.5P1.5O6], where R = B and Al, were synthesized using a sol-gel process, and 
they were characterized by X-Ray diffraction. Structural studies for obtained compounds were performed (Rietveld 
refinement). The thermal expansion was studied by using of the methods of high- and low-temperature X-Ray analysis 
at temperatures range from -100 to 800 °C (α = (7.3 - 8.6) 10-6 deg-1), thermal (tested up to 1200 °C) and hydrolytic 
stability (T = 90 °C, 1.46 10-5 g/(cm2 d)) were studied also. The obtained compounds were used for synthesis of the 
ceramics by spark plasma sintering. The relative densities of ceramics were up to 98 % [2]. We found that the complex 
oxides – analogues of pollucite - have high chemical and radiation stability. The obtained ceramic materials were 
irradiated with 132Xe26+ ions (E = 167 MeV) in the fluence interval from 6•1010 to 1•1013 cm-2. The amorphization took 
place at a fluence of 1.2 1012 cm-2. The conditions of the metamict form transition into the crystalline form on heating 
were found. The crystal-chemical modeling of isostructural compounds was carried out with a deficit of cesium in the 
cavities of the structure of the general formula Cs1-x[Mg1+x-yR0.5-2x +0.5yLi0.5yP1.5+xO6], where R = B, Al; 0 ≤ x ≤ 
0.2; 0 ≤ y ≤ 0.8.  

References:  
[1] Loginova E.E., Orlova A.I., Mikhailov D.A. et al. // Radiochemistry, 2011. V. 53. № 6. P. 593-603.  
[2] Orlova A.I., Troshin A.N., Mikhailov D.A. et al. // Radiochemistry, 2014. V. 56. № 1. P. 98-104. 
  



RADIONUCLIDES IN THE ENVIRONMENT, RADIOECOLOGY - POSTERS 

 

82 

RER-P41, (Id: 302) 
DEVELOPMENT OF AUTOMATED SYSTEM FOR CONTINUOUS REMOTE CONTROL OF 
RADIOACTIVITY EMITTED BY NUCLEAR POWER PLANTS 

Vladimir Kolotov, Dmitry Grozdov, Yury Lavrukhin, Nikolay Dogadkin 
Vernadsky Institute of Geochemistry and Analytical Chemistry 
kolotov@geokhi.ru  

 
Automated system for radiation control of air space near the nuclear power plant based on using of non-stop remote 
gamma-spectroscopic control of nuclear power plant radioactive emission (mainly from ventilation pipe) is developed. 
The task of the system consists in estimation the potential risk of terrain contamination outside the nuclear power area. 
The system should provide authorities of different level with information concerning radionuclide composition and 
dose rate, both in the case of normal emission and the emergency one up to level 7 (according to the INES 
international scale of nuclear events). It is extremely important to detect early stage of any event.  

The system hardware consists of spectrometric stations (manufactured in Russia) connected with computer’s net. The 
station includes the collimated scintillation NaJ (Cs) detector of 63×63 mm size, connected with intellectual MCA. It 
has been found that for reliable detection of radioactive emission of the nuclear power plant eight stations evenly 
located at the 500-800 meters distance from the ventilation pipe are sufficiently.  

The input information and results of data processing are stores in SQL-data base. The data processing software is based 
on the original algorithms coded by C# language. It includes processing of scintillation gamma-ray spectra, including 
evaluation of multiplets. A method for computation of full energy peak efficiency for voluminous atmospheric sources 
(radioactive gas stream escaping from ventilation pipe) has been developed. The computation uses the dependence of 
full energy peak efficiency value for arbitrary point as function of distance and angle. The atmospheric stream 
geometry is set by normal distribution, with parameters dependable on meteorological state of atmosphere.  

The computations of full energy peak efficiency for voluminous radioactive atmospheric sources a modeling by the 
Monte-Carlo method has been used [1]  

The original method for radionuclides identification is developed. Both mathematical methods and elements of expert 
system are used. To increase the identification reliability it is suggested to use different radionuclides libraries optimal 
to various types of emergency events using fuzzy logic. It is assumed that the developing system will be integrated 
with system of radiation control of nuclear power station. It will allow assisting decision support center to accept 
adequate solutions in the case of problems. The successful tests of different parts of the system were carried out at the 
Kalinin and Kursk nuclear power plants, Russia.  

[1] D.S. Grozdov, V.P. Kolotov, Y.E. Lavruhin, N.N. Dogadkin. Computation of full energy peak efficiency for 
voluminous radioactive atmospheric sources using remote scintillation gamma-ray spectrometry. Abstract presented at 
RadChem14. 
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Thermodynamic data for actinide-organic complexes are required for long term safety assessment of nuclear waste 
disposal. Particular attention should be paid to higher ionic strengths, which are to be expected in salt and clay rock 
formations. Higher temperatures have also to be considered, since temperatures can go up to 100 °C in the near field of 
radioactive waste disposal. Up to now most of the available thermodynamic data for actinide complexation with 
dissolved or suspended natural organic matter are related to low ionic strength and 25 °C.  

In this work we present detailed thermodynamic data for the complex formation of trivalent neodym (as an chemical 
analogue to americium) and americium with ethanedicarboxylate (oxalate) and methanedicarboxylate (malonate) at 
various ionic strengths ( up to 3 mol kg-1 NaCl) and temperatures (25 °C to 55 °C). The isothermal titration 
microcalorimetry (ITC) was used for the direct determination of reaction enthalpy ΔRH of complex formation. With a 
sample volume of just 200 μL the method is applicable for actinide solutions. Additionally, spectrophotometric 
titration experiments were performed in order to determine the species distribution and complex stabilities. In 
preparation of complexation studies we determined ionic strength dependent protonation constants of oxalate by ITC 
and compared the results with literature values. The formation of the first protonation step is an endothermic process. 
With increasing ionic strength the ΔRH decreases towards zero. The standard state thermodynamic data log K°, ΔRH°, 
ΔRS°, ΔRG°, which were determined from the conditional thermodynamic data using the specific ion interaction 
theory (SIT), are in excellent agreement with literature values.  

The formation of 1:1 Nd(III)-oxalate complex is a two-phase exothermic process. A fast and a slow part can be 
distinguished. This effect is a matter of current investigations. In the case of Am(III) we performed a 
spectrophotometric titration under comparable experimental conditions. No peculiarities were observed in the spectra 
and a 1:1 complex species with a stability constant of log K°110 = 6.8 ± 0.1 was determined. This is the first time that 
the value is determined by a spectroscopic method and the results are in good agreement with the literature value [1]. 
ITC experiments with the Nd3+ -malonate system were carried out at ionic strengths between 0.25 and 3 mol kg-1 
(NaCl) and at 25, 35, 45 and 55 °C. All ITC traces show an endothermic complex formation. At 25 °C and I = 1 
mol/kg the reaction enthalpy ΔH is 11.2 kJ mol-1 and the entropy is 95 J mol-1 K-1). These results are close the values 
reported for the analogue Eu(III) complex in NaClO4 [2]. With increasing ionic strength ΔRH is shifting towards zero 
whereas it is increasing with increasing temperature. At the investigated concentration range the formation of the 1:1 
complex species is predominantly. Conditional thermodynamic data were determined from the curves and the ionic 
strength corrected data log K°, ΔRH°, ΔRS° and Δε for the NdMa+ species are reported in this work.  

[1] Hummel, W. et al. (2005) Chemical Thermodynamics 9, Elsevier, Amsterdam, The Netherlands  
[2] Kitano, H. et al. (2006) Radiochim. Acta 94, 541-547 
  



RADIONUCLIDES IN THE ENVIRONMENT, RADIOECOLOGY - POSTERS 

 

84 

RER-P43, (Id: 304) 
COMPOSITE DUST-SUPPRESSING COATINGS CONTAINING NANOSIZED SORBENTS SELECTIVE 
TO CESIUM, COBALT, AND NICKEL RADIONUCLIDES 

Svetlana Bratskayaa, Veniamin Zheleznova, Risto Koivulab, Valentin Avramenkoa, Alexander Mironenkoa, Anna 
Mysyanovichc, Alla Synytskad, Frank Simond, Risto Harjulab, Dmitry Marinina 
aInstitute of Chemistry FEBRAS, Vladivostok, Russia 
bLaboratory of Radiochemistry, University of Helsinki, Finland 
cMax-Planck-Institut für Polymerforschung, Mainz, Germany 
dLeibniz-Institut für Polymerforschung, Dresden, Germany 
sbratska@ich.dvo.ru  

 
Here we report on development, characterization and performance evaluation of new materials based on selective to 
radionuclides nanosized sorbents stabilized in water dispersible nanoparticles (latexes). These new materials can be 
applicable as fixatives (dust suppressors), when latexes are film-forming, and as colloid stable sorbents for 
decontamination of solid bulk materials, when any type of latex, preferably containing carboxylic groups on the 
surface, is used. Two different series of polymeric nanoparticles were synthesized and tested as a polymer matrix for 
inorganic sorbents immobilization. The first type of particles was based on polystyrene and composed of polystyrene 
either pure (homopolymer) or copolymerized with different amounts of acrylic acid in order to obtain carboxyl-
functionalized latex particles. The second type was poly(silane acrylate)-based copolymer nanoparticles, consisting 
from butyl acrylate, methyl methacrylate, polymerizable silane and functional comonomer (either methacrylic acid or 
aminoethyl methacrylate hydrochloride). All particles were synthesized in direct (oil-in-water) miniemulsion system 
by free-radical (co)polymerization.  

As selective inorganic materials colloidal SnO2 and MnO2 with mean particle size 10 nm and 200 nm, respectively, 
have been synthesized. Co(II) ferrocyanides were synthesized directly in the presence of carboxylic latex particles. 
Composites containing SnO2 nanoparticles selective to radionuclides of nickel and cobalt have been prepared using 
carboxylic and aminolatexes as a martrix, the maximum loading degree was about 60 mg of SnO2 per 1 g of latex. 
Sorption properties of composite latex/inorganic sorbent materials have been investigated toward 63Ni, 57Co (SnO2), 
137Cs (Co (II) ferrocyanides), 90Sr (manganese oxides) in the presence of competing ions. Distribution coefficients up 
to 105 ml/g were reached for cesium radionuclides and for nickel and cobalt radionuclides on SnO2 in NaNO3 solutions 
The highest distribution coefficients of 90Sr (~3500 ml/g) in the presence of competing Ca2+ ions (0.1 g/L) were 
reached for manganese oxides.  

Dust suppressing formulations based on film-forming poly(silane acrylate) latexes containing Co(II)ferrocyanide and 
poly(silane aminoethyl) latexes containing SnO2 have been prepared and drop casted on model contaminated sand. 
The leaching of 137Cs and 57Co radionuclides from coated sand surface was efficiently suppressed (leaching degree 
below 1 %), when the content of Co(II) ferrocyanide and SnO2 in composite coatings was as low as 1.3 10-6 mol/cm3 
and 8.3 10-4 mol/cm3, respectively. Acknowledgements: Financial support for ERANET-Russia project (STProject-
144) of the 7th EU Research Framework Programme is gratefully acknowledged. 
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In a previous research for the deep geological repository of radioactive waste and spent nuclear fuel, the swelling 
potential of bentonites from Slovak deposits was evaluated by indicative parameters (Atterberg liquid limit) and by 
swelling pressure tests (Adamcova et al., 2009). The noticed absence of data on shrinkage behaviour initiated a pilot 
research of bentonite shrinkage parameters in Slovakia (within the project VEGA 1/0828/13 granted by the Slovak 
Ministry of Education). Comparison of Slovak, Austrian, German and British Standards for shrinkage test methods 
showed that Slovak Technical Standards (STN) pertain to undisturbed soil samples, where shrinkage depends not only 
on the current moisture, but also on the grain size distribution and porosity. Shrinkage limit ws ( %) and relative linear 
shrinkage Ls ( %) determined according to the foreign technical standards are independent from those properties, 
because sample preparation brings all soils to equal starting conditions: sieved to grain size below 0.5 mm, water 
added to reach moisture w near the liquid limit wL, suspension smeared without bubbles into standard moulds. Applied 
Austrian ONORM B 4411: 2009 offers three test procedures for ws. First, ws was determined by manifold measuring 
of the sample weight and volume during drying. Calculation followed from the moisture vs. relative volume plot with a 
linear trend line. Results were compared to data from the other two methods. Highest Ls (up to 32.5 % of the initial 
length) was observed in bentonite J250 from the Jelsovy Potok deposit, the best Slovak bentonite because of its 
swelling potential and excellent sorption properties for radionuclides (Galambos et al., 2009; Galambos et al, 2010a; 
Galambos et al, 2010b; Galambos et al., 2011). Reaching of the shrinkage limit (ws = 11 %) was indicated also by a 
color change from light brownish grey (2,5Y 6/2) to light grey (2,5Y 7/1 - Munsell Soil-Color Charts, 2009). Because 
ws is lower than the equilibrium moisture of the bentonite J250 under room conditions, which is 14 %, bentonite 
blocks might shrink and gaps between them open due to high temperature around the containers with radioactive waste 
and spent nuclear fuel in the geological repository, until water from the host rock mass intrudes and bentonite swells. 
Results indicated the necessity of further shrinkage tests, this time on bentonite powder compacted to high-density 
segments. Methods described in STN 72 1019 were recommended as relevant for the assessment of their total 
shrinkage.  

REFERENCES:  
Adamcova R., Frankovska J., Durmekova T. 2009. Engineering geological clay research for a radioactive waste 
repository in Slovakia. AGEOS, 1, 2, 2009, 71-82.  
Galambos M., Kufcakova J., Rajec P. 2009. Sorption of strontium on Slovak bentonites. Journal of Radioanalytical and 
Nuclear Chemistry, 281, 3, 347-357.  
Galambos M., Kufcakova J., Rosskopfova O., Rajec P. 2010a. Adsorption of cesium and strontium on natrified 
bentonites. Journal of Radioanalytical and Nuclear Chemistry, 283, 3, 803-813.  
Galambos M., Paucova V., Kufcakova J., Rosskopfova O., Rajec P., Adamcova R. 2010b. Cesium sorption on 
bentonites and montmorillonite K10. Journal of Radioanalytical and Nuclear Chemistry, 284, 1, 55-64.  
Galambos M., Rosskopfova O., Kufcakova J., Rajec P. 2011. Utilization of Slovak bentonites in deposition of high-
level radioactive waste and spent nuclear fuel. Journal of Radioanalytical and Nuclear Chemistry, 288, 3, 765-777. 
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Given uranium toxicity, comprehension of uranyl interaction with biological material of human relevance is of utmost 
importance, from the whole body scale to the molecular level. At the molecular level, uranium interaction with 
proteins has attracted a lot of attention, in particular the blood serum proteins Human Serum Albumin (HSA) and 
Transferrin, which are likely to transport uranyl in the body and therefore to play a key role in its toxicity [1-5]. It is 
well known that uranyl undergoes complex speciation at physiological pH, and can form complexes with serum small 
molecules such as carbonates, making the study of such systems rather intricate.  

The interaction of uranyl with a protein was studied, while taking into account all known uranyl species that could 
exist at physiological pH. Bovine Serum Albumin (BSA) is well known to bind several metals, and shares similarities 
with Human Serum Albumin, which makes it a good candidate for a uranyl-binding protein model. The interaction was 
followed by means of UV-Visible spectroscopy, circular dichroism and fluorescence measurements (static and time-
resolved). Strong fluorescence quenching of the protein was observed upon uranyl addition. Addition of BSA to a 
uranyl solution also resulted in uranyl fluorescence quenching. The data obtained were treated using speciation 
software CHEAQS and a fitting program developed in the laboratory.  

On this experimental basis, the model proposed, involving two successive complexations of several uranyl moieties is 
in very good agreement with the experimental data. Our results allowed determination of the number of uranyl 
moieties complexed by the protein, as well as the corresponding equilibrium constants. Further experiments are in 
progress to determine the functional groups of the proteins involved in the complexation.  

The experimental protocol and data analysis could be applied to virtually any protein containing enough fluorescent 
residues to measure the quenching induced by uranyl addition. Further studies with HSA are in progress, and first 
results will be also presented and compared to the literature [2,6].  

References: 
[1] Michon J. et al., J. Fluoresc., 2010, 20, 581-590  
[2] Montavon G. et al., J. Inorg Biochem, 2009, 103, 1609-1616  
[3] Vidaud C. et al., Biochemistry, 2007, 46, 2215-2226  
[4] Benavides-Garcia M.G., Balasubramanian K., Chem. Res. Toxicol. 2009, 22, 1613-1621  
[5] Hémadi et al., J. Phys. Chem. B, 2011, 115, 4206-4215  
[6] Duff M.R.et al., Angewandte Int. Ed., 2006, 45, 137-139 
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The aim of this study was to examine the concentrations of 210Po, 210Pb, 234U, 235U and 238U in surface soils samples 
collected in the area of phosphogypsum waste heap in Wiślinka (northern Poland) and assessing its impact on the 
surrounding environment. Concentrations in analyzed soils samples were estimated between 3.0±0.2 mBq g-1 dry wt. 
and 324.5±15.41 mBq g-1 dry wt. for 210Po and between 3.6±0.2 mBq g-1 dry wt. and 229.9±5.4 mBq g-1 dry wt. for 
210Pb. 210Po/210Pb activity ratios were in the range of 0.70±0.05 to 2.15±0.13. The abbreviation may be connected with 
the agricultural use of fertilizers. The results for uranium suggest that 234U, 235U and 238U radioisotopes that are present 
in the vicinity of phosphogypsum waste heap are of natural origin (234U/238U activity ratio between 0.81±0.08 and 
1.22±0.11, and 235U/238U between 0.029±0.008 and 0.062±0.013 are typical for soils). The activities of 238U,234U and 
235U ranged from 2.20±0.17 mBq g-1 dry wt. to 108.68±3.03 mBq g-1 dry wt., from 2.31±0.17 mBq g-1 dry wt. to 
108.68±3.03 mBq g-1 dry wt. and from 0.08±0.03 mBq g-1 dry wt. to 3.88±0.57 mBq g-1 dry wt., respectively. The 
highest activities of 210Po and 210Pb were measured in samples collected on both slope and bottom of the 
phosphogypsum heap. Much lower results were obtained for samples collected from distant areas, what is probably 
connected with both erosion and leakages from phosphogypsum waste heap into surrounding environment. Lower 
results for 234U and 238U in the vicinity of phosphogypsum stack in comparison to 210Po and 210Pb activities in this 
area may be explained by the fact that during the process of phosphoric acid production polonium migrates to 
phosphogypsum fraction and uranium to phosphoric acid. It is connected to higher solubility of uranium in phosphates. 
Surprisingly, the highest concentrations of uranium radioisotopes were measured in samples collected from more 
distant sample collection sites. This fact must be correlated with the use of phosphoric fertilizers in agriculture. For a 
clearer picture of the radioactive contamination of the area of phosphogypsum waste heap in Wiślinka, we decided to 
create interpolation maps for every radioisotope using natural neighbor interpolation and ordinary kriging geostatistical 
method in Spatial Analysis and Decission Assistance (SADA) software. This allowed us to isolate zones that are 
categorized by different activities of 210Po, 210Pb, 234U, 235U and 238U: the foot of the waste heap, the slopes of the waste 
heap, agricultural fields and the opposite riverbank of Martwa Wisła river. Additionally, we plotted graphs that 
described analyzed radioisotopes distribution on the distance from the phosphogypsum landfill. This helped us to 
isolate the zone described by the highest activities of uranium, polonium and lead radioisotopes.  

The authors would like to thank National Science Centre Poland and Polish Ministry of Science and Higher Education 
for the financial support under grants UMO/2012/05/N/NZ7/00978, DS/8120-D196-12, BW/538-8120-1078-12. The 
publication is financed from European Social Fund in as a part of the project " Educators for the elite - integrated 
training program for PhD students, post-docs and professors as academic teachers at University of Gdansk" within the 
framework of Human Capital Operational Programme, Action 4.1.1, Improving the quality of educational offer of 
tertiary education institutions. 
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A large amount of liquid radioactive wastes are formed during nuclear power plants operating. Radionuclides 
contained in the wastes are predominantly in the form of stable complexes with organic ligands, such as EDTA, citric 
and oxalic acids, which complicates the heavy metal separation. Concentrating and processing of liquid radioactive 
wastes can be greatly simplified after the removal of these organic compounds. Сatalytic wet oxidation of complexing 
agents by H2O2 using Fe (III) species is a promising way for radioactive waste purification.  

The presenting work considers a method of catalytic wet hydrogen peroxide oxidation (CWHPO) of EDTA using 
homogeneous and heterogeneous Fe(III) species. The solutions of mono- and polynuclear hydroxo complexes of Fe 
(III) have been obtained and studied as homogeneous catalytic systems. Several types of Fe (III) containing zeolites 
ZSM-5 with different particle morphology and texture, including nanozeolites and hierarchical zeolite, have been 
synthesized and tested as heterogeneous catalysts. The activity in CWHPO of different Fe (III) species was measured 
by barometric cell method and total organic content determination.  

In homogeneous 1 mM Fe (III) catalytic system the highest hydrogen peroxide decomposition rate was observed at 
pH = 2.5 when mononuclear Fe(III) hydroxo complexes were predominant. The reaction rate was found to be 
decreased at pH = 1.5 and 3.0 when hydrated and polynuclear hydroxo complexes were formed, respectively. At pH > 
3 Fe (III) hydroxide precipitated and the reaction rate was negligibly low. Unlike homogeneous system zeolitic one 
allows proceeding the reaction at a significantly wider pH range. Heterogeneity of the Fe (III) catalytic sites in the 
zeolite appeared to result in effective use of the hydrogen peroxide and a deep oxidation of a substrate. A comparative 
study of stability and activity of Fe (III) species supported onto the zeolite and amorphous SiO2 has been made in 
oxidation of low and high molecular weight organic subtances by H2O2. Catalytic site protection by zeolitic matrix 
plays a key role in the reactions and could be potentially explored for development of technology for purification of 
waste water from nuclear power plants. 
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The natural radionuclide polonium is daughter of 238U decay series. 210Po is radionuclide with half-lives of 138.38 
days. Polonium is one of the most radiotoxic natural radioactive isotopes to man due to its high specific activity and its 
emission of high-  a lethal dose (LD50/30). 
Man is exposed to radioactive 210Po by natural processes, mainly from the oral intake of foodstuff and drinking water. 
Especially large amounts of polonium are taken in during cigarette smoking as well as food of marine products. The 
large amounts of polonium are observed in protein-rich food, such as shellfish and crustaceans, and also observed 
among populations consuming large amount of reindeer and caribou meat, e. g. in Subarctic area.  

The aim of this study was to establish the polonium 210Po concentrations in blood samples and urine. Healthy urine and 
blood are not toxic. However, there contains compounds eliminated by the body as undesirable. The tested group 
constituted patients from Medical University of Gdansk and volunteers from Tricity aglomeration. Eating fish and 
cigarette smoking are factors that according to many researchers affects the amount of this radionuclide in the human 
body. The questions about smoking and frequency of fish eating were included in questionnaire for the patients and 
volunteers. This is very important because human biomonitoring of 210Po has been conducted for a long time, but it is 
still not fully known and understood.  

The human blood samples about volume 10 ml were collected from 43 patients ischaemic heart disease (IHD) from 
Medical University of Gdansk. The reason for choosing this particular group was purely accidental. The urine samples 
were collected from 37 volunteers from Tricity agglomeration (Gdansk, Sopot, Gdynia). Urine samples were collected 
throughout the day. The daily amount of urine excreted by volunteers ranged from 600 to 3500 ml. The research was 
approved by the Independent Bioethics Committee for Scientific Research of the Medical University of Gdansk.  

The results of this work indicate that the activity of 210Po in human blood and urine was in the wide range between 
140±14 mBq and 888±36 mBq in total blood without two patients (3072±270 mBq and 2901±245 mBq in total blood) 
and from 1.48±0.09 mBq to 19.41±0.81 mBq in urine samples respectively. The higher activity of this radionuclide 
was observed for smoker and ex-smoker groups. The patients and volunteers were subdivided in groups: males and 
females, cigarette smokers, non-smokers and ex-smokers were taken into account. The results indicated that the 210Po 
activity was widely distributed in the each group of analyzed patients and volunteers. The difference between 210Po 
activities in human blood and urine of ex-smokers/smokers and eating habits is statistically significant. The obtained 
results of 210Po activity in the human blood and urine are probably related to the consumption of fish and smoking. 
Human sex and age had no effect on excretion of polonium from the urine during the day. 
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Knowledge of the behavior of materials in radiation fields need if ones are elaborated for radwaste immobilization. 
Also it is important to prepare a ceramic with high density for aims: medical, research and material science problems, 
consolidation and transformation of radwaste. Among these materials deserve special attention mineral-like. Natural 
"experience" shows the ability to save (stability) of mineral-like materials under the influence of heat, pressure, 
hydrolytic solubility, radiation fields in a long time.  

Used for a long time methods for the synthesis of ceramics (cold pressing with following hightemp firing; multistage 
hot pressing) have several disadvantages: prolonged exposure to high temperature, low relative density of the resulting 
product, multi-stage processes, high energy and time costs. This work focuses on the development and multitasks 
application of new methods for the synthesis of high-density ceramics (Spark Plasma Sintering), reducing temperature, 
duration of the process and the number of steps on the example of monophase polycrystalline compounds.  

The objects of research were following compounds: Ca0.25Sr0.25[Zr2(PO4)3] (NZP-type); CsBa(Sr)[Fe2(PO4)3], 
Cs2[Mg2(WO4)3] (langbeinite type); NdPO4 (monazite type); Y(1-x)GdxPO4 (x = 0, 0.05, 0.25; xenotime type); 
Cs0.875Ba0.125Li0.125Zn0.875Al0.5P1.5O6 (pollucite type). This chemical compositions were choose as stable mineral-like 
matrixes, containing Cs, Ba, Sr, Ln jointly or separately.  

At the first stage we obtained the samples of composition as powders by using the sol-gel process. Step by step the gel 
formed and then powders were heated, dispersed and examined by X-Ray analysis. Then ceramics on the base of 
compounds named were sintered by Spark Plasma Sintering (SPS) method.  

Obtained powders and ceramic pellets were tested for thermal stability up to 1350 °C, hydrolytic stability in distillated 
water (20 and 90-100 °С (Soxhlet extractor, 7-28 days). Prepared cylindrical tablets (d = 10, 20 mm) were irradiated 
with accelerated Xe-ions (E = 167 MeV) stream at 6 1010 – 1x1013 fluences (1/sm2). The experiments were carried out 
at room temperature on the IC-100 FLNR JINR (Joined Institute of Nuclear Research) cyclotron.  

All compositions were stable after heating up to 1100 °C. High relative density was reached for all compounds by 
using SPS method for 0-5 min: 99,6-99,9 % (NZP); 96,2-99,9 % (langbeinite); 98,3 % (monazite); 98,8-99,9 % 
(xenotime); 99,9 % (pollucite). Ceramic materials with NZP and pollucite-like structure were stable after radiation till 
1 1013 fluences (1/sm2) [1, 2].  

[1] A.I. Orlova, V.Yu. Volgutov, D.A. Mikhailov et al. // J. Nuc. Mat., 2014, vol. 446. P. 232 – 239.  
[2] A.I. Orlova, A.N. Troshin, D.A. Mikhailov et al. // Radiochemistry, 2014, Vol. 56, No. 1, pp. 98–104. 
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Large amounts of low-density thermal insulation mineral wool waste contaminated by radionuclides arise from NPP 
operation. Melting of this waste reduces its volume by more than 10 times. Mineral fibers begin to lose their elastic 
properties at 440 °С and to soften at 700 °С. The minimum process temperature for molten fiber formation is ~ 
1500 °С. Experiments were performed on mineral wool mats with specific activity of Cs-137 (4.0-8.8)×108 Bq/kg. The 
experiments employed an industrial induction furnace as a waste melter. The melter was a graphite crucible with an 
opening provided at the bottom, through which the formed melt flowed down by drops into a receiving container. 
During the experiment, the melt discharge rate was from 1.8 to 2.2 kg/h, the melt temperature was 1350-1370 °С, and 
the rate of power consumption was 8.3 kW×h/kg. The solid-aerosol carry-over was not larger than 0.5 % and volatile 
loss of Cs-137 was only 2.8 % from the melting process. To reduce the mineral wool melting temperature from  
1350-1370 °С to 1170-1190 °С, a low-melting fluxing agent, namely FeO (at least 10 wt. %), was used. The true 
density of the “frozen” mineral wool melt without addition of fluxing material was 2.7 g/cm3 and with addition of 
10 % CaF2 the density increased to 2.8-2.9 g/cm3. Additional experiments were performed with crushed mineral wool 
incorporated into Portland cement modified by Cambrian clay as a sorption agent. The crushed wool was admixed to 
cement slurry with water-to-cement ratio of 0.7 and claycement ratio of 0.1. The density of produced cement 
compounds was about 1.8 g/cm3. Measurement of Cs-137 leaching from the thermal insulation waste forms has shown 
that addition of a fluxing agent to melt increases (almost by an order of magnitude) the radiocesium leach rate from the 
conditioned waste. But in any case this leach rate is of 10-7 g/cm2×day order after 150 days of the experiment. For 
comparison, Russia’s regulatory maximum value for Cs-137 leach rate from vitrified high-level waste is 1×10-7 
g/cm2×day. For low- and intermediate-level wastes stored in standard concrete facilities, the acceptable rate of 
radiocesium leaching after 150 storage days is not higher than 1×10-3 g/cm2×day. Cemented thermal insulation waste 
forms with addition of clay comply with this requirement (the leach rate is ~1.0×10-4 g/cm2×day after 150 days). 
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The use of sulfuric acid instead of nitric acid for regeneration of cation-exchange resins arising from NPP operations 
produces sulfates which can form crystalline hydrates. Based on this capability, cement instead of bitumen can be used 
as a matrix for binding liquid radwaste (LRW), and high salt concentrates can be incorporated into Portland cement. 
Experiments simulating inundation of waste storage containers were performed. The experiments used a model salt 
solution representing an average composition of LRW from the VVER plants and containing 45 % Na2SO4 of the total 
mineral content. Test solutions with a salt concentration from 200 g/l to 800 g/l and temperature of 80 °C were 
immobilized into cement matrix with water-to-cement ratio of 0.60 and addition of Cambrian clay as a sorbing agent. 
The percentage of added clay was about 10 % of the total cement weight. The produced cement packages included 
from 6.7 to 25.1 wt. % of salts. Radionuclides were released from the cement surfaces into water with a rate of 10-1 
g/cm2×day for the first 24 hours of the experiment and after 90 days the rate of radiocesium leaching by diffusion was 
below 0.5×10-3 g/cm2×day meeting Russia’s regulatory requirements (1×10-3 g/cm2×day) for standard concrete storage 
facilities. An increase in the test solution salt concentration from 200 g/l to 800 g/l resulted in an increase of the 
diffusion coefficient (De) from 0.5×10-5 to 2.8×10-5 cm2/day. However, this value is much below the regulatory 
requirements (≤ 8.6×10-4 cm2/day) on concrete disposal containers for radioactive waste. Since calcium sulfates are 
higher soluble than calcium aluminosilicate cement matrix, the maximum release of Cs-137 (2.2-3.0 % of the original 
activity), the most mobile radionuclide, from 200 L cement packages is mainly determined by surface leaching and 
occurs during the first three months of storage. This period is considered as the time of inundation scenario. The 
maximum diffusion leaching of Cs-137 taking its half-life into account will be observed during the first storage 20 
years and the estimated release will be 10 times lower (below 0.2 % of the original value) than that by surface leaching 
even for cemented concentrates with a salt concentration of 800 g/l. After 300 storage years the predicted radioactivity 
release will be maximum 0.004 % of the original activity. Therefore, waste concentrates produced from LRW with a 
significant percentage of sulfate salts can be immobilized into Portland cement forms modified with sorbent clay 
which securely fix radionuclides even in case of high salt concentrates (up to 800 g/l). 
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We refer about a development of the measurement technique enabling the determination of low uranium 
concentrations. The method was inspired by a commercially available KPA method (kinetic phosphorescence 
analysis). It is fast, sensitive, and non-destructive, allowing the uranium concentrations determination on a mass basis 
of μg U/l.  

Contrary to the conventional KPA method it is in our approach not necessary to use an external standard as a reference 
sample. Moreover the solid state laser is used instead of nitrogen or dye laser and thus no dye solution preparation is 
required and no laser tube degradation appears. As an excitation source we use the solid state tunable laser, commonly 
utilized for TRLFS (time resolved laser induced fluorescence spectroscopy) measurement, operating at 416 nm for 
which the uranium complex fluorescence signal has the highest intensity. Excitation energy was 4.5 mJ. The 
fluorescence spectra were recorded using the grating monochromator followed by an ICCD camera. To eliminate the 
influence of possible excitation energy fluctuation on the measured fluorescence intensities, each recorded spectra 
were normalized with respect to this energy. For every sample ten measurements with 200 acquisitions were realized 
(the overall acquisition time was ~3 min). Besides the intensity measurement the method enables the study of the 
emission spectral characteristic and the detail measurement of complexes wavelength shift. Because the fluorescence is 
strongly temperature-dependent, the temperature of the sample was controlled and stabilized.  

In our laboratory, the concentration of uranium is determined mainly in samples resulting from the leachates of rock 
and sediment materials and of surface water. Therefore we have focused on verifying the applicability of our method 
for samples with such matrix that could significantly influences the determination of uranium concentration. For that 
reason we studied the influence of the particular matrix, complexing agent, and the sample pH on the recorded 
fluorescence spectrum shape and integral intensity. The uranium concentration in samples ranged from 1 to 1000 μg/l. 
To acidify the samples the HNO3 was used. To limit the quenching effect and to prolong the UO2

2+ life-time, a 
complexing agent URAPLEX or optionally more available H3PO4 was added. We can conclude that for most of the 
investigated matrixes the described method offered sufficient precision of the uranium concentration determination. On 
the other side, it was found that the presence of nitrates and chlorides could be problematical. Especially in case of 
nitrates even the method of standard addition did not offered satisfying results. This behavior is under further 
investigation. 
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Argillaceous rock and clay minerals have properties that make them very suitable for nuclear waste storage. They are 
practically impermeable and have high sorption capacities. North German clay deposits feature pore waters of 
particularly high ionic strengths, ranging from 1.8 mol/l to 3.3 mol/l. in the depths relevant for nuclear waste 
repositories.[1] To enable an informed decision about the long term safety of nuclear waste disposal, the effect of high 
ionic strengths on radionuclide retention needs to be taken into account.  

This work focuses on the uranium retention on montmorillonite (as model clay) in sodium and calcium chloride brines. 
These conditions are based on the Konrad mine that serves as reference site. There, montmorillonite is a major 
component. The ground water at a depth of about 480 m has sodium and calcium chloride as main components with an 
ionic strength of around 2.9 mol/l, and a pH between 5.75 and 6.85.[1]  

The effect of ionic strength on uranium sorption on montmorillonite is very small. A true ionic strength effect, which is 
a decrease of sorption with ionic strength, can solely be observed below pH 6 and only up to an ionic strength of 2 
mol/l sodium chloride. In calcium chloride, there are effects that show a positive correlation between sorption and 
ionic strength in the alkaline pH range but these can be explained with secondary phase formation rather than true ionic 
strength effects.  

In the presence of carbon dioxide, U(VI) sorption decreases in the alkaline pH range regardless of electrolyte due to 
the formation of uranyl carbonate species. In the absence of carbon dioxide, U(VI) sorption at alkaline pH remains 
almost as high as the value at the sorption maximum. In general, the sorption maxima in both sodium and calcium 
chloride lie in the pH range of natural groundwaters in North German clay formations. Relative uranium uptake at the 
sorption maxima exceeds 99 % for both electrolytes. Desorption experiments show that uranium sorption on 
montmorillonite in sodium chloride is largely reversible except for very high ionic strengths. In calcium chloride, on 
the other hand, reversibility depends less on ionic strength and more on pH.[2]  

Further results that will be presented concern uranium sorption in a mixed electrolyte that is modelled on the naturally 
occurring ground waters of the Konrad site.  

[1] Brewitz, W. (1982) Eignungsprüfung der Schachtanlage Konrad für die Endlagerung radioaktiver Abfälle. 
Gesellschaft für Strahlen- und Umweltforschung.  
[2] Zehlike, L. (2013) Durchführung von Sorptions- und Desorptionsversuchen von Uran(VI) an Montmorillonit, 
Bachelor thesis, TU Dresden. 
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Due to low concentration of iodine in seawater, iodine carrier is normally added as carrier for separation of 129I from 
matrix using solvent extraction, this is not suitable for the determination of low level 129I in the seawater received less 
anthropogenic 129I such as those collected in south hemisphere including the Antarctic and deep seas, because of 
contribution of 129I in the iodine carrier to the sample during sample preparation. A simple co-precipitation method for 
separation of carrier free iodine from seawater for measurement of 129I/127I using accelerator mass spectrometry (AMS) 
has been reported by our group. In this work, some improvement of this method was completed to able to obtain better 
measurement uncertainty in AMS measurement. The results reveal that addition of small amount of carrier (0.1-0.2 
mg) can significantly improve the measurement accuracy and precision. A certified seawater reference material, 
IAEA-418 (Mediterranean Sea water) has been successfully analyzed by utilizing the presented method and the 
concentration of 129I was measured to be 2.36×108 atoms L-1 in this sample, which agreed well with the certified value 
(2.28×108 atoms L-1), as well as the results measured by traditional solvent extraction by addition of 2 mg iodine 
carrier, indicating reliability of the developed method. Six seawater samples collected from the Antarctic in 2011 were 
analyzed utilizing the developed method. The results indicate that 129I/127I atomic ratios in the investigated area range 
from 0.7×10-12~9.9×10-12 with a mean of 6.1×10-12, which is close or slightly higher than the reported pre-
anthropogenic ratio of 1.5×10-12. The main source of 129I in the investigated area might be attributed to the global 
fallout of both atmospheric nuclear weapons testing and long distance dispersion of fuel reprocessing releases. This is 
the first report of 129I in the seawater from the Antarctic, the results shed a light of feasible application of 129I as an 
oceanographic tracer application of 129I the Antarctic. 
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Proficiency tests (PT) on the determination of radionuclides in food and environmental samples have been organized 
by the National Atomic Energy Agency (NAEA), Poland, since 2004. The activity of the following radionuclides: 
241Am, 137Cs, 3H, 239Pu, 226Ra and 90Sr were determined in water, food and soil. The PTs have been conducted by the 
Institute of Nuclear Chemistry and Technology (INCT), Warsaw, Poland and procedure adopted by the INCT is 
presented in the paper. The test materials: water, milk powder, wheat flour and soil, were prepared by spiking blank 
materials with standard solution of the radionuclide of interest. The activity concentrations were calculated and 
associated uncertainties were evaluated before sending the test materials to the laboratories. The results provided by 
the participants were statistically evaluated by means of z and zeta scores as well as using the International Atomic 
Energy Agency (IAEA) criteria for trueness and precision. Observed trends and some benefits for the participants have 
been presented. 
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Surface sediment cores from the Zhushan bay of Taihu lake in China were collected. In this study, the concentration of 
eleven heavy mentals(Al, Co, Cr, Cu, Mn, Ni, Ti, V, Zn, Pb, Cs) and the radioactivity of two radionuclides (210Pb and 
137Cs) were investigated. The mean concentration of Cr, Cu, Ti, Pb indicated is slightly higher than the background 
values, and the rest doesn’t exceed the background value. Compared with the levels in the Environment Quanlity 
Standard for soils of China (EQSS), the mean values of main heavy metals, such as Pb, Zn and Cr, is located level 1 of 
soil quanlity, which showed the concentration of these elements is ordinary in the sediment. while the concentration for 
Cu is located level 2 which indicated there is minor enrichment for Cu. The situation was confirmed by the enrichment 
factor (EF) of heavy metals showing the samilar result. In terms of radioactivity concentration for 210Pb and 137Cs, the 
mean 139.9 Bq/kg for 210Pb and 21.3 Bq/kg for 137Cs were more lower than the limited value 260 Bq/kg and 120 Bq/kg 
according to the Standard soil of quality assessment for Exibition site (SSQAE) of China. The study result implied that 
the lacustrine sediment can be retired to the farmland or used to be construction materials in the ecological enginnering 
of dredging process. 
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Chernobyl and other nuclear accidents have demonstrated that high levels of radiation can result in impacts on plants 
and animals, however little is known about the long-term effects of chronic exposure on biodiversity or other 
population and ecosystem level effects. The overall aim of this study is to assess the impacts of chronic exposure to 
radioactivity and chemical pollutants. The study area on the Eastern Black Sea Region, Turkey has metal mining (Fe, 
Au, Ag, Mn, Mo, Cu, Pb and Zn) and industrial facilities, having elevated levels of both heavy metals, and affected the 
fallout of radionuclides after Chernobyl. Results for radiation and chemical pollution were obtained from the analysis 
of soil samples taken from 6 sites. All soil samples were measured for gamma, beta and alpha activities. Also, 
elemental concentrations of soil samples were determined by instrumental neutron activation analysis and X-ray 
fluorescence analysis. In summary, to assess radiation and chemical pollution risk, the possible impact of long-term 
behaviour of the radionuclides and elements in soil should be taken into consideration. This type of study does 
however need to provide regional background levels for these important radioactive and chemical pollutants. 
Additional studies will be performed to estimate the exposure for the diversity and plants from radioactive and 
chemical pollutants. 
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Natural radionuclides can be very good indicators of all hydrological and biogeochemical phenomena occurring in the 
water environment. Typical uses of environmental isotopes include the identification of source of water and solutes, 
determination of water flow paths, assessment of nutrients within the ecosystem, water budget. A few elements exhibit 
variations in their isotopic composition, resulting from radioactive decay its precursors present in the geological 
formations. These isotopic ratio variations can be used as natural fingerprint of rock – water interaction and applied in 
weathering and hydrology studies. In this work activity ratio of uranium and radium isotopes (234U/238U, 228Ra/226Ra), 
as well as of the stable strontium isotopic ratio (87Sr/86Sr) were determined in selected thermal groundwater, ground 
and surface water samples from central Poland. Uranium isotopes after co-precipitation with hydrated manganese 
dioxide were separated from other natural radionuclides by extraction chromatography resin (Dowex 1x8). The activity 
concentrations were determined by using α spectrometry with PIPS detector (Canberra). 228Ra was determined by 
gamma spectrometry after co-precipitation with MnO2, whereas 226Ra was determined by liquid scintillation counting. 
Strontium isotopic ratio after separation from other element by extraction chromatography resin (Dowex 50Wx8) was 
determined by thermal ionization mass spectrometry (TIMS). The average isotopic ratio for different type of water 
sample from Poddebice and Uniejow was shown in the Table 1. 

Table 1 Activity and isotopic ratio in different type water.  
location water type 234U/238U 228Ra/226Ra 87Sr/86Sr  
Poddebice thermal groundwater 0,923±0,020 1,64±0,35 0,708492±0,000014  
deep well water 1,115±0,063 1,23±0,71 0,709454±0,000130  
river water 1,027±0,116 2,67±1,14 0,709718±0,000466  
Uniejow thermal groundwater 0,744±0,094 0,641±0,043 0,708441±0,000002 river water 1,232±0,161 1,95±0,49 
0,709256±0,000059  
The observed differences in these ratios confirms that the uranium, radium and strontium isotopic ratio can be useful 
indicator for determination of stability of the underground water reservoirs. 
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Knowledge of the chemical behaviour of (radio)toxic elements in natural/environmental systems is of fundamental 
importance for the performance of environmental impact assessments and the application of protection measures after 
possible contamination. The interaction of actinides with marine sediments is of particular interest because marine 
sediments constitute the final receptors for the majority of actinides (Th, Am, Pu). In order to study the chemistry of 
trivalent actinides (e.g. Am(III), Cm(III)) often trivalent lanthanides are used as analogues, because lanthanides in 
aqueous solutions are generally stable in the trivalent oxidation state, present similar chemical behaviour as trivalent 
actinides, are non-radioactive and posses useful spectroscopic/fluorescent properties. In this study we have investigated 
the interaction of Nd(III) and Eu(III) with two different types of marine sediments as a function of various parameters 
(e.g. pH, [M(III)]o, I, tcontact) to evaluate their effect and get more information on the adsorption of Nd(III) and 
Eu(III) by marine sediments. Sorption of Eu(III) by marine sediments from aqueous solutions of varying pH 4 – 6.5, 
fixed ionic strength of 0.1 M (NaClO4) and at room temperature has been studied by fluorescence spectroscopy (LFS). 
In this context, the effect of the particle coating with natural organic matter (NOM, e.g humic acid) on the adsorption 
properties of the sediment samples has also been studied. According to the experimental results the adsorption of 
Nd(III) and Eu(III) ions by marine sediments is (a) a relatively fast process (b) the adsorption data are well described 
by the Langmuir isotherm and (c) the adsorption properties (e.g. adsorption capacity, pH and ionic strength effects) of 
the different sediment types differ significantly from one another, depending on the (surface) composition. 
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7Be is a natural radioisotope (half-life 53.3 d) produced in cosmic-ray spallation processes on atmospheric nitrogen and 
oxygen. We sampled individual rain events (September 2013 – March 2014) in a collector (1 m above the roof of the 
Technical University of Ostrava) and simultaneously collected relevant meteorological data from the station on the 
same roof. Rain samples were filtered and the 7Be content in collected water was determined by gamma spectrometry. 
We studied the correlation between the 7Be wet deposition and precipitation amount, precipitation intensity, elapsed 
time between individual rain events, cloud types and the air-born-dust PM10 and PM2.5 concentrations before and 
after the individual rain events [1] and tested the models proposed in the literature [2,3].  

 

[1] Czech Hydrometeorological Institute, Data sets from the PM10 and PM2.5 monitors in the Moravian-Silesian 
region. 
[2] Caillet S., Arpagaus P., Monna F., Dominik J., J. Environ. Radioact. 53 (2001) 241. 
[3] Ayub J.J., di Gregorio D.E., Huck H., Velasco H., Rizzotto M., The Natural Radiation Environment: 8th 
International Symposium, AIP Conference Proceedings, Vol. 1034 (2008) 107.. 
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Humic acids (HA) are one of few omnipresent natural substances, which govern the migration trends of chemical 
elements in the biosphere. Being a complex mixture of high molecular organic compounds, they take part in 
accumulation, aqueous transfer and sorption of chemical elements in natural environment. The impact of HA on the 
sorption of stable trace elements and radionuclides in the geochemical media still remains a subject of intensive 
investigations. The role of HA complexes formation in the bioavailability (sorption) of microelements by plankton, 
lake plankton in particular, is significantly less studied. To determine the formal characteristics of trace elements 
sorption by living (active) and dead (inactive) species of lake plankton and to quantify the effect of HA concentration 
on these characteristics, we have performed an experimental investigation of the sorption systems “lake water - 
plankton – trace elements” under laboratory conditions. The plankton samples were collected in the Beloyarskoe 
Reservoir (Urals, RF). Plankton was chosen as a model object because of its leading role in the distributive 
biosedimentation of chemical elements in continental reservoirs. Due to its high productivity and accumulation ability, 
plankton is supposed to be one of the best bioindicators of contamination of water ecosystems with radionuclides and 
other pollutants, as well as a natural sorbent of trace elements [1].  

The list of the microelements used in the sorption experiments included more than 50 chemical elements, the level of 
which in the lake water was above the detection limits of ICP-MS ELAN 9000. The experimental results of the 
analysis of sorption behavior of trace elements with respect to plankton are discussed in the presentation. It was found 
that for the most trace elements studied sorption by plankton (both active and inactive species) obeys the Langmuir 
law. The presence of soluble HA in water medium results in the reduction of the distribution coefficients of selected 
microelements towards active plankton. It is deduced that lake plankton interacts with trace elements in lake water and 
may be considered as a promising bio-sorbent of trace elements and radionuclides.  

This work is supported by RFBR-Ural (grant #13-03-96061) and UB RAS (grant #12-Т-3-1019).  

Reference  

[1]. M.Ya. Chebotina, V.P. Guseva, E.V. Polyakov. In “Zooplankton: species diversity, distribution and seasonal 
dynamics”/Ed. G. Kehayias. Published by Nova Science Publishers, Inc. New York, 2014. Pp.127-148. ISBN 
QL123.Z67 2014 (eBook). 
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Neutron activation analysis (NAA) is a well-established analytical technique for the simultaneous measurement of 
multielement concentrations. The most common forms of NAA are instrumental (INAA), radiochemical (RNAA) and 
preconcentration (PNAA). We have previously reported the development of speciation NAA (SNAA). We are also 
interested in the development of biochemical NAA (BNAA) methods for the separation, purification, characterization, 
and measurement of metalloproteins and organic compounds containing trace elements which are of 
biological/biochemical importance. We take advantage of the unique features of both techniques. For example, we 
need an analytical technique capable of analyzing a few milligrams of solid as well as liquid samples non-destructively 
and independent of chemical species, and of determining trace levels of several elements simultaneously within a short 
time in a matrix largely composed of carbon, hydrogen, nitrogen, oxygen and sulfur. Of course, the technique should 
provide excellent precision, accuracy, sensitivity, and detection limits. NAA meets all of these requirements. The 
biochemical techniques of interest are dialysis, ammonium sulphate precipitation, gel filtration, ion exchange and 
hydroxyapatite chromatography, high-performance liquid chromatography, chromatofocusing, isoelectrofocusing, 
isotachophoresis, sedimentation equilibrium and enzymatic assay. We called this combination of two techniques 
BNAA which is ideally suited for studying metalloproteins, protein-bound trace elements, and organometallic 
compounds. We observed that most of the trace elements in bovine kidneys, for example, were largely concentrated in 
the cytosol fraction. More than 70 % of As, Br, Cl, Co, K, Na and Rb, about 65 % of Cd, and 30-35 % of other 
elements except Se (14.4 %), Cr (15.6 %) and Mo (24.6 %) were detected in this fraction. Elements such as Ca, Cr, and 
Se were more abundant in the nuclei fraction with concentrations of 34 %, 75 % and 73 %, respectively. The dialysis 
experiments showed that more than 90 % of Ca, Cd, Cu, Fe, Mg, Mn, Mo, Se, V and Zn, and possibly As, and I, and 
about 20 % of Br were bound to macromolecules, mainly proteins. Most of these proteins were stable in the pH range 
of 3.5 to 10.5. We separated and purified several metalloprotein species. Examples of these species with particular 
emphasis on Se will be presented. 
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Experience in applying mosses as biomonitors of trace elements and radionuclides in some selected rural and urban 
areas affected by intense anthropogenic activity is reviewed. Among them the western part of the Kola Peninsula (NW 
Russia), the most heavily industrialized area in the entire Arctic; the South Urals (Karabash) counted among the most 
polluted areas in the world where human impact on the environment is largely irreversible. The dominant groups of 
pollutants are heavy metals and long-lived radionuclides from full-scale activities and accidents at the radiochemical 
“Mayak” Production Association (PA). Moss was successfully used to study distribution of 137Cs and 210Pb in Belarus 
and Slovakia 20 years after the Chernobyl accident. A combination of analytical data (NAA and AAS in our case) with 
principle component analysis and GIS technologies allowed pollution source characterization and apportioning in the 
sampled areas around (1) copper mines in Karabash (RF), Bor (Serbia), South of Poland; (2) Zn-Pb smelters in Baia 
Mare (Romanai), Krdjali (Bulgaria) and Veles (Macedonia); (3) Fe-V plant in Tula (RF); (4) Fe-Cr industry in Tikhvin 
(RF) and Mo-i-Rana (Norway); (5) oil refinery industry in Yaroslavl (RF), and (6) thermal power plant in one of 
Moscow districts. Besides passive (terrestrial) moss biomonitoring, active moss biomonitoring (moss bags technique) 
showed itself efficient in accessing air pollution in large cities (street canyons of Belgrade and Moscow). The results 
obtained at local scale in the areas experiencing environmental stress can be used for establishing the emission levels 
of pollutants and to serve a source of information for health-related institutions. 
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Oysters in Japan are mainly cultivated in Miyagi, Hiroshima, and Hokkaido Prefectures. Sometimes baby cultivated 
oysters are exchanged between Japan and Korea; so both cultivated oysters are said to be genetically similar. Since 
Japanese consume a fair amount of raw oysters, it is of interest to compare the elemental levels of oysters from 
different areas. Soft tissues of cultivated Japanese oysters (Miyagi Prefecture, 2004 Nov, at 1, 6 and 11 m depths), 
Korean oysters (Koje-do and Kosong in Busan, 2002 Oct, 2004 Jan, and 2005 Dec), and Japanese rock oysters 
(Honshu Island) were analyzed for selenium levels. The soft tissues, namely hepatopancreas, gill, muscle, and mantle 
were separated, freeze-dried, pulverized, and analyzed by an instrumental neutron activation analysis (INAA) method 
in conjunction with Compton suppression spectrometry (INAA-CSS). The method consisted of irradiation of samples 
for 12 s in a neutron flux of 5x1011 cm-2s-1 using the rapid cyclic pneumatic sample transfer system at the Dalhousie 
University SLOWPOKE-2 reactor (DUSR) facility, decay for 15-20 s, and counting for 60 s. The 161.9-keV gamma-
ray of the 17.4-s nuclide 77mSe was used for assaying selenium. The method was validated using NIST, NRC and NIES 
certified reference materials. An absolute detection limit of 0.15 μg selenium using NIST SRM 1566b Oyster Tissue 
was achieved. Selenium levels between Japanese and Korean oysters did not show much difference. The selenium 
concentrations in Japanese rock oysters showed the following trend: gill > hepatopancreas > mantle > muscle. 
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The aim of this work was to acquire traceable quantitative results for total As in whole samples as well as in extracts 
containing As species. Instrumental neutron activation analysis (INAA) is well suited for such measurements and is 
used in this work to validate the As mass fraction determined by liquid chromatography combined with inductively 
coupled plasma mass spectrometry (LC-ICP-MS) in tuna fish and kelp candidate RMs and other marine samples, 
including certified RMs. INAA was used to determine total As and trace elements in original solids, extracted solids, 
and in extracts as well as LC fractions; LC-ICP-MS was limited to the determination of As species in extracts. 
Extraction yields were determined by INAA for a number of common solvents and extraction techniques; the best 
results were acquired after methanol/acetone/water extraction with sonication. This procedure was used for 
quantitative As species evaluation with LC-ICP-MS incorporating internal standards and single point standard 
addition, while the sum of all As fractions was monitored by INAA. In the case of tuna tissue, AB was the 
predominant species determined by LC-ICP-MS and its As mass fraction was 4.41 ± 0.09 mg/kg. The total extracted 
As by INAA was 4.88 ± 0.27 mg/kg. In case of the BCR 627 certified RM the sum of AB + DMA was 4.15 ± 0.10 
mg/kg, measured as AB = 3.99 ± 0.08 mg/kg and DMA = 0.148 ± 0.010 mg/kg in good agreement with the certified 
values, and the total As extracted was 4.28 ± 0.18 mg/kg by INAA summing up with As in the residue to 4.75 ± 0.17 
mg/kg in excel-lent agreement with 4.81 ± 0.11 mg/kg determined by INAA in the original material. These differences 
between the techniques may be explained by relatively too high dissolution required by LC-ICP-MS not detecting very 
low mass fractions of other species in the extracts, and/or retention of As on the column. To completely evaluate the 
LC-ICP-MS process INAA detection limits were lowered utilizing the Compton suppression technique in the gamma 
spectrometry to reach below 0.2 ng sensitivity, which is sufficient to determine As in LC effluent fractions. LC effluent 
fractions were collected according to the time intervals recorded by the ICP-MS, reduced in volume, and transferred 
and dried on Whatman 542 filter substrate. These were subsequently submitted to INAA. The initial results showed As 
in the background (blank) fractions of the chromatogram, however most of it due to solvent blank. Arsenic in these 
fractions is not captured by ICP-MS and thus would explain the difference. Further, the quantitative determination of 
As by INAA in the chromatogram peaks provided a direct measurement of each separated species and allowed for 
calibrated determination of each species. Species, including those not available as standards, e.g., the arsenosugars 
found in kelp, can be accurately determined by INAA and used as calibrants. INAA and LC-ICP-MS thus were 
successfully used as complementary techniques for characterization and traceability studies related to the development 
of RMs for As species. 
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The present study relates to the use of microalga Nostoc linkia for the removal of chromium and nickel from 
wastewater of galvanic industry. During one hour experiment 70 % of chromium and 50 % of nickel were removed 
from the wastewaters. To determine concentrations of Cr and Ni in wastewater samples atomic absorption 
spectrometry was used. The samples of dry nostoc biomass after exposure to wastewater were subject to 
nondestructive instrumental neutron activation analysis. A total of 28 other elements were determined in the microbial 
cells. The results from NAA of Nostoc linkia showed that along with Cr and Ni, sorption of Fe, Ni and Zn was also 
very high from wastewater containing Cr and Ba, Fe, Zn from wastewater containing Ni. Fourier Transform Infrared 
(FTIR) technique was used to understand changes in the chemical structure of Nostoc linckia biomass after interaction 
with wastewater. 
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The majority of developers and users of the NAA k0 standardization do not realize that this method was launched [1] in 
terms of the accurate and generally applicable Stoughton-Halperin convention [2] for the description of the (n,γ) 
reaction rate. Later on, in the article reporting on the first k0-measurements [3], the more practical Høgdahl convention 
[4] was introduced instead (as had been done in earlier work on k-factors [5]), which was modified to account for a 
non-ideal (assumed 1/E1+α) epithermal neutron flux distribution thereby introducing Ryves’ concept of the effective 
resonance energy [6]. This resulted in a user-friendly protocol, which however ruled out some five (n,γ) reactions with 
a significant deviation from the ideal 1/v cross section dependence in the thermal neutron energy region. Although in 
the course of the years it was argued [7] that only a few excluded cases did not justify the changeover from a simple 
convention like Høgdahl’s to a more sophisticated one, finally the rigorously accurate Westcott convention [8] – with 
introduction of the α epithermal shape factor - was put forward to incorporate the non-1/v cases in the k0 
standardization methodology [9]. Obviously, this turned out to be too complex and impractical for a good deal of the 
k0-NAA community, notably in the context of the Kayzero software [10] where use is made of an intermediate 
comparator factor defined in terms of the Høgdahl convention. Therefore, recently the “extended Høgdahl convention” 
[11] was launched, which takes into account the non-1/v cross section behavior by rather randomly inserting 
Westcott’s g(Tn) factor in the Høgdahl expression, where Tn is the maxwellian neutron temperature. Although the 
proof of validity of this extension was based on empirical and hardly on scientific arguments, it can nevertheless be 
regarded as a valid approach – as shown in the present paper where it is derived from the Stoughton-Halperin 
convention by introducing a few justifiable approximations. Hence, it can be smoothly implemented in the Kayzero 
software and in other concentration calculation programs while yielding for the 1/v and non-1/v (n,γ) reactions 
concentration results which are accurate to acceptable, respectively. This is a promising development in the context of 
the general applicability of the NAA k0 standardization.  

[1] A. Simonits et al., JRC 24 (1975) 31.  
[2] R.W. Stoughton and J. Halperin, Nucl. Sci. Eng. 15 (1963) 314.  
[3] A. Simonits et al., JRC 60 (1980) 461.  
[4] O. T. Høgdahl, Rept MMPP-226-1, Dec. 1962.  
[5] F. De Corte et al., JRC. 3 (1969) 205.  
[6] T. B. Ryves, Metrologia 5 (1969) 119.  
[7] F. De Corte et al., JRNC 113 (1987) 145.  
[8] C.H. Westcott, Rept CRRP-960/AECL, reprint 1962.  
[9] F. De Corte et al., JRNC 179 (1994) 93.  
[10] R. Van Sluijs, http://www.kayzero.com/  
[11] R. Van Sluijs et al., 6th k0 Users Workshop, Budapest 2013, JRNC in press. 
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229Th is an alpha-decay nuclide of the neptunium decay series. Though already extinct in nature, 229Th occurs in high 
amount in spent fuel as the progeny of the long-lived 237Np. 229Th is one of the most widely used tracers in geology, 
environmental sciences or nuclear chemistry to determine 230Th and 232Th concentrations by mass spectrometry due to 
the relatively long half-life and to the fact that it does not occur in nature. 229Th as an isotopic tracer plays a special role 
in nuclear forensics, where its uncertainty associated with its concentration is one of the most dominant components in 
the uncertainty budget of radiochronometry of illicit nuclear materials1. As the 229Th standards are certified by activity 
concentration (e.g. Bq g-1), the accurate knowledge of 229Th half-life value is of utmost importance to convert it to 
amount content (e.g. mol g-1) needed for mass spectrometry. The first precise half-life measurement of 229Th was 
accomplished by Hagemann et al.2 and gave a value of 7340 ± 160 years. However, a later measurement by Goldstein 
et al.3 by isotope dilution mass spectrometry reported an approximately 7 % higher half-life of 7880 ± 120 years. 
Recently, Kikunaga et al.4 measured the 229Th half-life by alpha spectrometry. Their half-life value of 7932 ± 55 years 
is consistent with the result obtained by Goldstein et al., and the authors suggest that the inaccuracy of the early half-
life value is attributed to incomplete separation of 233U from its impurities.  

The aim of the present study is to re-measure the 229Th half-life using inductively coupled plasma mass spectrometry 
(ICP-MS) at lowest possible uncertainty. By the measurement of the 229Th amount content in the certified 229Th 
radioactivity standard (SRM 4328C), the half-life of 229Th can be calculated. The amount content of 229Th was 
determined by two independent methods, both traceable to SI. In the first method, the 229Th amount content was 
measured by isotope dilution ICP-MS technique, using a natural thorium certified reference material as a tracer. In the 
second method, the 229Th amount content was measured against a completely separated highly-enriched uranium 
solution. In this case, the applied uranium sample was completely purified from its thorium decay products beforehand 
at a well-known time. Thus the 230Th daughter product of the 234U, which serves actually as the tracer for the 229Th 
determination, can be very precisely calculated knowing the 234U content and the elapsed time between the uranium 
separation and 229Th determination1.  

Our measured 229Th half-life of 7921 years with an expanded uncertainty of 56 years (k = 2) is in agreement with the 
latest values. Uncertainty was calculated according to the GUM (Guide for the Expression of Uncertainty in 
Measurement). The obtained value can help resolve the problem with 229Th half-life discrepancy, and can result in 
more precise age dating measurements both for geological and nuclear samples.  
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Impact glasses and tektites are formed during fall of large meteorites on the Earth surface (impact) by melting and 
ejection of surface materials, mainly unconsolidated sediments and sedimentary rocks. In the Nuclear Physics Institute 
ASCR, methods of neutron and photon activation analyses have been utilized for detailed geochemical characterization 
of a collection of various tektites and impact glasses: Central European tektites - moldavites, Australasian tektites, 
impact glasses from the Zhamanshin crater in Kazakhstan - irghizites, and the Libyan Desert Glass.  

Geochemical analysis of a large representative set of moldavites indicates that a substantial part of their parent 
materials must have been, besides the surface molasse sediments, also soil layer and plant biomass which are indicated 
in modavite composition by enrichment in the plant nutrient/essential elements (K, Ca, Mg) and depletion of 
nonessential elements (Na, Rb, Sr, Ba), similarly to their redistribution during the transfer from soil to plants. The 
hypothesis has been supported also by analysis of carbon isotope composition of moldavites which is similar to that 
characteristic of land vegetation. 

 In irghizites, determined contents of Ni, Cr, Mn, Fe and Co, after subtraction of their background contents from 
terrestrial source materials, allowed to assign the most probable impactor type as an ordinary L5 or L6 chondrite, and 
assess a range of the meteoritic fraction in the irghizite parent materials to 4 - 21 wt. %. An explanation has been 
suggested for lower Ir content in irghizites than matching a chondritic component which is based on significantly lower 
volatility of Ir compared to other meteoritic constituents as Ni, Cr, Mn, Fe and Co. Unambiguous assigning parent 
materials and finding a parent crater for the Australasian tektites (AAT) still remains an open issue. After critical 
evaluation and comparison with literature data, the geochemical data acquired in a representative set of AAT point to a 
"fingerprint" similarity between AAT and Chinese loess which was discussed in literature as a probable AAT 
precursor much earlier but later was doubted and abandoned due to generally accepted hypothetical location of the 
impact to Indochina. The data have been coupled with data available in literature for both AAT and their potential 
precursors on their isotopic composition (Sr, Nd, Li, B, cosmogenic Be-10). The results, together with considering 
geographical, ballistic and paleoclimatic aspects, put in serious doubt the location of the AAT parent crater in 
Indochina and bring extensive evidence for possible location of the crater in the deserts in north-central China which 
are the source area of the Chinese loess.  

Elemental composition of he Libyan Desert Glass (LDG) points to quartz sand as a main component of the parent 
materials, with admixture of elements implying an aluminosilicate component (clay minerals cementing quartz grains). 
A depletion of volatile elements (alkalis, Zn, As, Br, Sb, etc.) may reflect their evaporation loss during the impact. 
Higher Zr contents coupled with elevated contents of heavy rare earth elements may reflect melting of refractory 
zircon. LDG has recently been associated with the Kebira Crater on the Libya-Egypt border. The impact area was 
flooded with seawater during Cenomanian/Turonian stage and the assumed origin of LDG parent materials - compact 
sandstone with accessory minerals - in marine environment has been supported also by previous Li isotope 
investigation. No contamination of LDG by meteoritic material has been evidenced. The studies have been supported 
by the projects 205/09/0991 and 13-22351S of the Czech Science Foundation. 
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Plastics are ubiquitous in everyday life with more than 250 million tons being used globally for a multitude of 
applications, many of them simply not sustainable and acceptable. The millions tons of plastic wastes formed over the 
past 60 years are affecting animals and human lives and the environment. The environmental impacts of increased 
accumulation of plastic wastes are becoming unbearable. For example, in the oceans, the biggest dump of plastics, they 
are breaking down and leaching toxins compromising marine life. In landfills, plastic materials release harmful 
chemicals into groundwater. The chemicals added to plastics are absorbed by humans provoking, among others, 
hormone alteration. In this context, the chemical industry should take responsibility for replacing persistent and 
hazardous chemicals with safe ones to minimize those deleterious effects.  

In the recent decades, research has been focused at searching degradable polymers, like natural biopolymers or 
synthetic polymers with additives which facilitate degradation. The oxo-biodegradable plastics are synthetic polymers 
which have received light-sensitive chemical additives with the objective to initiate or accelerate the biodegradation 
process by photodegradation, through oxidation and chain scission. The oxidation and molecular weight reduction 
make the plastic weak and fragile, and biodegraded. As a consequence of manufacturing processes and use of additives 
and dyes, plastics often contain small amounts of chemical elements that do not take part of the polymer molecules.  

In Brazil, the biodegradable polymers have been thoroughly introduced in the main sectors of agriculture, medicine 
and packaging. Consequently, with the onset of industrial production and commercial application of degradable 
plastics in the country, the determination of inorganic constituents in these materials has become of utmost importance. 
This work attempted to the chemical characterization of oxo-biodegradable plastics found in packaging bags 
commonly distributed in stores and supermarkets, using neutron activation analysis (NAA), a primary method of 
measurement.  

Plastic bag samples were collected directly in shopping facilities near the city of Piracicaba, São Paulo state. 
Preparation included washing with deionized water, drying and separation of the portions without graphic prints. 
Analytical portions of 200 mg were packed into high purity polyethylene capsules and irradiated in the nuclear 
research reactor at IPEN/CNEN, São Paulo, SP. Certified reference materials of polyethylene matrix from IRMM 
(ERM-EC 680k and ERM-EC 681k) were irradiated together the samples for quality control purposes. The induced 
radioactivity was detected by high resolution gamma-ray spectrometry with hyperpure germanium detectors in the 
Radioisotopes Laboratory (CENA/USP). Mass fractions and respective uncertainties were obtained by the k0-
standardization method using the Quantu-INAA software. Samples were also analyzed by Fourier transform infrared 
spectroscopy (FTIR)for polymer identification and complementary chemical characterization.  

The elements As, Br , Ca , Co , Cr , Fe , Hf , K , La , Na, Sb , Sc, Ta and Zn could be determined in the oxo-
biodegradable bag samples in a wide range of mass fractions. Ca, K and Zn are present in greater abundance in plastic 
bags due to additives with mineral fillers, mainly calcium carbonate, a process which aims reducing costs. 
Nevertheless, the values obtained for these elements were within acceptable levels, except in some samples for zinc, 
chromium and cobalt in relation to the standards ABNT NBR 15448-2 and EN 13432 for biodegradable polymers. 
  



NUCLEAR ANALYTICAL METHODS - VERBAL 

 

114 

NAM-V10, (Id: 128) 
DETERMINATION OF IMPURITIES IN PHOSPHORIC ACID BY INAA 
Hamid Amsila, Jan Kameníkb, Jan Kučerab 
aCentre national de l'énergie, des sciences et des techniques nucléaires (CNESTEN), Morocco 
bNuclear Physics Institute, Academy of Sciences of the Czech Republic 
amsil.h@gmail.com 

 
The increasing demand for phosphate fertilizers accounts for approximately 90 % of global phosphoric acid use. In the 
manufacture of phosphoric acid, thermal and wet processes are used. The thermal process has been abandoned for the 
production of phosphate fertilizers, because of the amount of energy which is needed. Decomposition of phosphate 
minerals with an acid, mostly sulphuric acid, is the only economic way to produce phosphoric acid. Phosphate ores, 
mostly in the form of apatite, are of two major geological types. The principal deposits are sedimentary rocks found, 
e.g., in Morocco, China, Algeria, Jordan, USA. Significant igneous deposits are found, e.g., in Russia, South Africa, 
Brazil. Whatever their origin apatites can be highly substituted and have variable compositions. More than 25 elements 
are known or proposed to substitute in the apatite structure [1]. The potentially hazardous elements found in phosphate 
rocks include As, Cd, Cr, Hg, Pb, Se, U, and V. Some cause difficulties in the reaction system, whereas others, soluble 
in phosphoric acid, may end up in the product acid. Therefore, there is a need for analytical method capable of accurate 
determination of the above and other elemental impurities in phosphoric acid. Instrumental neutron activation analysis 
(INAA) is a method of choice due to its multielemental capability and favourably low detection limits for most of the 
above elements. The problem is, however, that irradiation of liquid acids is prohibited in most nuclear reactors for 
safety reasons. Therefore, a sample preparation procedure is required that leads to “solidified” phosphoric acid. For 
this purpose, Silva et al. [2] employed precipitation with calcium hydroxide and evaporation for determination of 
uranium in phosphoric acid. 

In this work three other procedures were tested, namely (i) deposition of 100 μL amounts of phosphoric acid onto 
disks of chromatographic paper Whatman 1 and sealing in polyethylene (PE) irradiation capsule without drying, (ii) 
precipitation of Ca3(PO4)2 with CaCO3 in a beaker, (iii) precipitation of (NH4)3PO4 by reaction with ammonia vapours 
in a dessicator (isothermal distillation of NH4OH [3]) directly in the PE irradiation capsules. The first procedure failed, 
because of breaking the PE capsules and consequent losses of their content on irradiation. In the second procedure, the 
activities of 47Ca 47Sc and 49Ca increased background in the gamma ray spectra that impaired detection limits of trace 
elements, as well as blank values of Sr and several other elements due to impurities added with CaCO3. Thus, the third 
procedure appeared superior due to its simplicity and contamination-free nature. INAA results obtained with the third 
procedure are presented for four brands of phosphoric acid differing in purity (pro analysis and technical grades) and 
concentrations (75 % 85 %).  

Acknowledgements This work was carried out within the IAEA Technical Cooperation project MOR 13014- 
MOR/1/007 and supported by the Czech Science Foundation, grant P108/12/G108.  
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In France, nuclear wastes are managed by the French National Radioactive Waste Management Agency (ANDRA). 
Several repository sites have been built in order to accommodate nuclear waste packages. One is dedicated to the Low 
and Intermediate Level short-lived Waste. Criteria for 143 radionuclides have been defined by ANDRA which 
guarantee the safety of the facility. From this long list, 151Sm has to be declared as soon as its activity is over 0.1 Bq/g. 
The declaration threshold for this radionuclide is very low and the maximum acceptance level in waste packages has 
been fixed to 4.5 105 Bq/g. 151Sm is a fission product with a radioactive period of 90 year. As a pure beta emitter, it 
must be isolated from the matrices and the interfering radionuclides through chemical separations prior to any 
measurement. Consequently, a selective radiochemical procedure is needed to measure 151Sm in nuclear wastes.  

The LASE (Operator Support Analyses Laboratory) and Nuclab-Prod have shared their radio-analytical skills to 
develop an analytical method to measure 151Sm in radioactive waste. The analytical process includes 5 steps. First, 
digestion is performed for organic material, aqueous suspension or solid sample in nitric acid media. Neodynium as 
carrier and stable samarium as yield tracer are added. In order to reduce the salt concentration, a hydroxide precipitate 
is completed. Lanthanides are isolated from the other elements still present, by extraction chromatography using the 
Re-
samarium from the other rare earth element such as europium, neptunium, promethium…. Alpha-Hydroxybutyric acid 
as ligand agent is introduced in the mobile phase. Injected volume, eluent composition, fraction collection procedure 
have been optimized in order to assure recovery of Sm over 90 %, no cross-contamination and effectiveness of the 
separation. This step has been completely automatized. The solution containing samarium is conditioned for liquid 
scintillation counting.  

The presentation will first focus on the optimization of the radiochemical procedures and the way the various elements 
are discarded. The choice will be argued. The second part of the work will be addressed to the application of the 
method to nuclear waste, results will be discussed.  

Reference  
[1] ANDRA, NT ASCO.SP.ASRE.99.002 « Spécifications d’acceptations des colis de déchets radioactifs au centre de 
l’Aube (INB N°149) – spécifications générales – Spécification d’évaluation et de déclaration des caractéristiques 
radioactives» 
  



NUCLEAR ANALYTICAL METHODS - VERBAL 

 

116 

NAM-V12, (Id: 214) 
PROMPT GAMMA ACTIVATION ANALYSIS AND IN-BEAM ACTIVATION ANALYSIS AT FRM II 
Zsolt Révay, Petra Kudejova, Krzysztof Kleszcz 

Technische Universitaet Muenchen FRM II 
zsolt.revay@frm2.tum.de 

 
The high-flux cold neutron beam at the Prompt Gamma Activation Analysis (PGAA) facility at Garching makes 
possible plenty of new applications, which were impossible earlier when using this technique. The thermal equivalent 
neutron flux in the focal point is 6  1010 cm-2 s-1, which almost reaches the flux of smaller reactors, but in a beam 
which is totally free of epithermal or fast neutrons. The sample masses can now be below 1mg, or materials with 
extremely low cross section (such as deuterium [0.5 mb], oxygen [0.2 mb], or even gasous neon [39 mb]) can be 
measured with good statistics. In this beam, even radioactive samples can be irradiated whose induced activity was 
found to be too low to compete with the natural activity. Moreover, in-beam neutron activation analysis (NAA) can 
also be performed. This method can be combined with PGAA, significantly increasing the number of detectable 
elements. In the talk, the methodological developments and the most important applications will be summarized. 
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An instrument for cold neutron prompt gamma-ray activation analysis (PGAA) has been operational on neutron guide 
NG7 at the NIST Center for Neutron Research (NCNR) since December 1990. The applicability of this instrument 
suffers from the presence of the adjacent upper half of the NG7 guide, just 3 cm above the sample position, limiting 
both sample size and available space for setting up experiments. The scattered neutrons from the upper guide create a 
gamma-ray background when absorbed by surrounding material, specifically air. The upper beam guide has been 
painted with lithiated paint on the outer surface to reduce scattered neutrons.  

In conjunction with the expansion of the NCNR, a new PGAA instrument has been built on the guide NGD. A 2 cm x 
2.7 cm beam of cold neutrons is extracted from the guide into air through a magnesium alloy window upon opening a 
lead-lined 6Li glass shutter, and is collimated by a 6Li glass aperture mounted just before the sample box. Samples are 
irradiated in an evacuable aluminum box (273 cm (h) x 171 cm (w) x 247 cm (l))) with removable magnesium alloy 
windows. A piece of enriched 6LiF mounted downstream serves as a beamstop.  

Prompt gamma rays emitted by the sample pass through an adjustable collimating lead aperture and are measured by a 
high resolution germanium detector with a bismuth germanate Compton shield. The sample cave is shielded by lead 
and covered with cadmium except in front of the aperture, which is shielded by a piece of lithoflex. The detector cave 
rests on a moving plate, mounted on precision rails, with an adjustable detector-to-sample distance. Detector signals 
are processed using a digital signal analyzer.  

A gold foil irradiation measured a thermal equivalent neutron flux of 6.8E9 cm-2s-1 at the sample position, nearly a 
factor of 8 higher than the flux for the NG7 instrument. With the detector positioned 70 cm from the sample (twice the 
sample-to-detector distance at NG7), measurement of prompt gamma-rays from Ti, Fe, Al, Cu, and urea indicated 
element sensitivities (cps/mg) nearly twice that measured at NG7.  

The initial gamma-ray background was high primarily due to scattering of neutrons by air and the sample box 
windows. Significant reduction in gamma-ray and neutron background was accomplished by installing temporary 
lithoflex-lined aluminum neutron flight tubes, additional lithoflex shielding inside the sample box and around the 
detector, boroflex around detector Dewar, and lead shielding between the flight tubes and the detector. The 
improvements yielded background count rates for H, Al, Cu, Si, and Ge lower than measured at NG7. The H 
background equivalent to 3.2 μg of H is half that measured at NG7.  

The new instrument yields greater applicability, higher neutron flux, and better signal-to-noise ratio than the NG7 
instrument. Future improvements will include optimization of neutron and gamma-ray shielding and installation of 
permanent evacuable neutron flight tubes. The improvement in sample space will allow the mounting of larger 
samples, addition of automated scanning stages for compositional mapping, automatic sample changer, 
atmosphere/temperature controlled sample chambers for studying in situ reactions, and additional detectors for 
performing coincidence measurements. 
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In the second half of 2013, three independent projects connected to cultural heritage objects emerged at the PGAA 
facility at FRM II: analysis of clay crucibles for provenance study, determination of chlorine content in rusted iron 
artefacts and minor element analysis of bronze coins with increased precision for selected elements like e.g. Pb, Zn, Fe 
or Sn. For all three projects, the high intensity cold neutron flux is essential: either many samples should be measured 
during a short period, or the low-energy gamma rays should be attenuated to get higher yield for specific high energy 
gamma rays. In the case of the Chlorine project, about 60 samples were measured in less than 5 days and interesting 
conclusions could be drawn already.  

In this presentation, not only the projects will be discussed but mostly the potential of the high-flux PGAA for valuable 
objects, like cultural heritage artefacts or micrometeorites of less than 1 mg weight. Also, scanning of the surface of 
large objects will be presented as well as scanning objects by a collimated pencil beam of 2 mm  2 mm giving insight 
into elemental composition of selected parts of given objects. This information can be combined with Neutron 
Tomography, which can be also run at the PGAA instrument. Exemplary experiments will be presented to demonstrate 
the diverse applications of the PGAA facility. 
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A new cold neutron prompt gamma activation analysis (CN-PGAA) system has been developed at the HANARO cold 
neutron source. The CN-PGAA is installed at the end position of a CG2B neutron guide. It was designed to be 
composed of an n-type HPGe and a BGO and will be operated in single bare, Compton suppression and pair 
spectrometer modes, and there is a gap for a beam chopper for a time-of-flight PGAA. The sample box is made from 
Teflon for He-filled or vacuum environments. The neutron beam profile and neutron flux are simulated using a 
McSTAS code and measured by time of flight and gold activation methods. Neutron temperature at sample position is 
about 40K and the true integrated neutron flux to be over 5.0 108 n/cm2s. Its performance has been tested by using 
various certified reference materials 
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Neutron Depth Profiling (NDP) is a specific non-destructive nuclear analytical technique used for determination of 
depth distributions of some technologically important light elements (e.g., Li and B) in the near surface of solids. The 
NDP for thick samples (with a thickness > several micrometers) is utilized as a 1D profiling technique that enables to 
obtain a 1D depth distribution (assuming the uniform lateral distribution). In this case, the measurement is performed 
with a standard semiconductor detector (or a combination of several detectors arranged in a telescope, etc.) with high 
energy resolution that, consequently, also allows to obtain high depth resolution (~ 10 nm nominal resolution can be 
achieved). NDP for thin samples can (advantageously) adapt sophisticated detector systems that enable to detect both 
reaction products (emitted into opposite directions) simultaneously. Consequently, the sandwich arrangement of the 
NDP spectrometer (i.e., detector-sample-detector) can dramatically reduce (or even eliminate) the unwanted 
background and improve the detection sensitivity. Interestingly, as detector systems, placed on both sides of the 
inspected samples, multipixle detectors (e.g., Timepix, Medipix) can be utilized. Here, the first results of the 3D NDP 
with multipixle detectors are presented. As samples, thin polymeric foils with B or Li atoms, distributed in the 
microstructured arrays, were utilized. The obtained data showed that the 3D NDP version proved to be an interesting 
tool for analysis of the 3D micro-distributions of the NDP-relevant elements in thin samples. This capability might be 
attractive for electronic industry (where B or Li play an important role) or neutron micro-radiography.  

Acknowledgment: This study was supported by the Technological Agency of the Czech Republic (TACR) under the 
project No. TA01010237. 
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In the recent publications (e.g. ref. [1]) it has been shown that application of computer processing of time series digital 
autoradiograms allows increase significantly the selectivity of local analysis that allows elements mapping for some 
noble elements in ores using gamma-activation. It was done by means of pixel-by-pixel processing of time series 
images to recover apparent half-life for each pixel of the image. During the investigations it was detected that the 
method of quantitative densitometry plays very important role for success of such analysis. Two principally different 
detectors for quantitative digital autoradiography have been considered. They are: conventional nuclear radiation photo 
detectors (nuclear film BioMax MR Film,Kodak) and imaging plates (PerkinElmer Inc.). The digital images from 
photo detectors were obtained by scanning the primary analog one. For testing of both detectors a flat uniformly 
distributed 137Cs sources have been used.  

Photo-detectors. It has been detected that independent development of film detectors under strict implementation of the 
recommended procedures does not result in acceptable accuracy (usual reproducibility of densitometry is not better 
than 10 %). Perhaps even small variations in the conditions of detectors development can strongly influence results of 
densitometry. If development of all detectors will be done simultaneously in the same cuvette without stirring, the 
solutions while development the obtaining results are quite good (the standard deviation does not exceed 2 %).  

Image-plates. One of important differences of image plates from conventional photo detectors is existence of effect of 
degradation of the hidden image in time. It has been found that the speed of degradation of the hidden image falls 
down almost to zero after one day ageing the image plate.  

Using the described techniques time series of autoradiograms of the copper-nickel polymetallic ore irradiated by 
bremsstrahlung has been obtained. After computer’s processing a set of meta images for various ranges of a half-life 
period has been received. The received meta images reflecting radionuclides distributions over the sample surface are 
in a good agreement with data of scanning electronic microscopy (SEM).  

[1] Kolotov V.P., Grozdov D.S., Dogadkin N.N. Generation of metaimages while analysis of the time series 
autoradiograms. J. Radioanalyt. Nucl.Chem. v. 296 (2013) No.2, p. 991-996. Acknowledgments.  

The work is supported by the Russian Fund for Basic Research (Grant No. 13-03-01016-a). 
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Complementary analysis employing instrumental techniques based on different physical detection principles is a key 
issue for quality assurance. Lacking matrix-matched certified reference materials, accurate, straightforward analytical 
procedures for the determination of americium (Am) in non-separated spent fuel employing high resolution ICP-OES 
and sector field ICP-MS were developed and cross-validated. Using a commercial high resolution ICP-OES 
spectrometer, the eleven most sensitive Am emission wavelengths were investigated in detail for potential isotopic and 
elemental analysis. Calibration of the instrumental response was carried out through dilution of a 241Am stock solution 
(1 550 mg kg-1) that was prepared in-house via chemical separation of the element from a concentrated Pu solution 
(115 g L-1). Sector field ICP- - -spectrometry served to characterise extensively the employed Am and Pu 
solutions for their actual concentration, potential impurities and isotopic purity. Hyperfine splitting of relatively broad 
peaks (~10 pm) or multiplets, i.e. multiple peaks, were observed for most tested Am ICP-OES emission signals with 
241Am and 243Am revealing identical signal patterns. The isotopic shift between 241Am and 243Am was generally small 

 =  = 469.970 nm, respectively. As a 
consequence, the extraction of Am isotopic information from the emission spectra was limited. The use of a high 
efficiency sample introduction system helped to lower detection limits (LOD) for Am up to two orders of magnitude 

 = 283.226 nm provided the lowest LOD of 0.07 mg 
kg-1, the ICP-  = 392.625 nm (LOD 0.71 mg kg-1) was best suited for the analysis of Am in spent fuel 
predominantly containing U and Pu. Both external calibration and standard addition yielded comparable Am 
concentration results for various spent fuels employing ICP-OES. Calibration of the sector field ICP-MS response for 
spent fuel Am analysis was accomplished using both 232Th and 238U signals as well as applying the corresponding mass 
bias. This calibration methodology - frequently used in absence of an Am stock standard solution - was tested against 
the home-made 241Am stock standard solution underpinning the validity of the calibration approach. One spent 
(Th,Pu)O2 fuel and two irradiated metallic fuels, having different chemical and isotopic compositions, were analysed 
for their Am content. Sector field ICP-MS analysis essentially confirmed the Am concentrations obtained using ICP-
OES in the three spent fuel solutions with mean values overlapping within their standard deviations. Considering 
isotopes of other actinides such as U, Pu and curium (Cm), the Am isotopic abundance (241Am, 242Am, 243Am) was 
established in the non-separated fuel solutions comparing reasonably well with model calculations based on the 
ORIGEN-2 code. The excellent comparison between ICP-OES and ICP-MS results underpins the accuracy and 
reliability of the developed analytical procedures and adds substantially to the quality assurance of Am analysis in 
spent fuel. 
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The 143Nd/144Nd isotope ratio varies (0.510-0.513) in nature due to the 147Sm /143Nd decay. Its value depends on the 
type of the minerals present and therefore it is widely used in geology for chronometry and provenance measurements 
with the ε notation. The measurement of 143Nd/144Nd isotope ratio in uranium samples is analytically challenging as the 
distribution of Nd concentration through the front end of fuel cycle is drastically decreased during the milling and 
production process.  

This work presents a novel method developed for trace-level analysis of 143Nd/144Nd isotope ratio in various uranium-
bearing materials, such as uranium ore concentrates (UOC) and uranium oxides (UO3, UO2) by inductively coupled 
plasma mass spectrometry. The aim of the study was to find a possible correlation between the Nd isotopic variations 
and the geological origin of the investigated U products.  

The developed method involves a pre-concentration of Nd using Fe(III) carrier, followed by extraction 
chromatography to separate the Ln group and a sequential separation of Nd, Sm, and HREE. The distribution of U, Th, 
and Ln was measured by gamma spectrometry and inductively coupled plasma mass spectrometry (SF-ICP-MS) 
during the separation process. The isotope ratio measurements were performed by multi-collector inductively coupled 
plasma mass spectrometer (MC-ICP-MS).  

The method was validated using Morille reference material. The limits of detection are in the low pg/g range and the 
achievable cumulative U decontamination factor is in the magnitude of 107 - 108. The applicability of the method was 
demonstrated by the determination of 143Nd/144Nd isotope ratio in UOCs, and in high purity uranium samples 
originated from different uranium milling and refining facilities. For the validation of isotopic measurements La Jolla, 
JB2 and BCR-2 geological reference materials were applied. The obtained results show that the Nd isotopic ratio is 
highly variable depending on the mineral type. For instance, isotope ratio measurement of Mary Kathleen UOC shows 
that the sample has a low 143Nd/144Nd ratio 0.510682(52), which is in good agreement with the value reported earlier 
by Maas R. et al. By combining the Nd isotopic information with REE pattern in uranium samples, the uranium deposit 
type, and therefore the origin of an unknown nuclear material can be assessed with higher reliability. 
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The safety and the behavior of radioactive wastes on a 1000000 year time scale are basically dependent on the 
radionuclide composition. During such a long time period leakage from the waste packages and the depository into the 
environment cannot be excluded and radionuclide migrations have to be considered. Therefore it is important to know 
the exact composition of the various waste forms including the knowledge of the extremely long-lived radionuclides 
even if they occur at micro or trace quantities. 93Zr, 237Np and 135Cs belong to these exotic nuclides that have half-lives 
of 1.53 106 y, 2.14 106 y, 2.3 106 y, respectively and that are formed in nuclear fission and activation in nuclear 
reactors. These nuclides can be detected only after pre-concentration and removal of the sample matrix. They do not 
emit easy to measure gamma radiation and generally nuclear methods do not offer sufficient sensitivity to measure 
μBq - mBq activities. These nuclides are preferentially detected by high sensitivity mass spectrometric techniques.  

Radiochemical methods have been developed for the separation of Zr, Np and Cs based on extraction chromatography 
using UTEVA resin* for Zr and Np and AMP resin* for Cs separation. Radioactive tracers were used for chemical 
recovery determination. Radionuclides were detected by inductively coupled plasma mass spectrometry (ICP-MS). 
Since isotopic standards are not available for 93Zr and 135Cs determination sensitivity factors were determined by non-
isotopic tracers. Three different techniques were used for method validation, i) determination of an isotopic standard 
solution (237Np), ii) isotope dilution mass spectrometry using enriched 96Zr stable isotope standard solution (93Zr), and 
iii) measurement by an independent analytical technique, i.e. NAA (135Cs).  

Radiochemical procedures, measurement and calibration techniques, as well as results of analysis of 93Zr, 237Np and 
135Cs in evaporation concentrates originating from a nuclear power plant will be presented. * registered trade name of 
the products of Triskem International Co. 
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In barrels with radioactive waste radioactivity may be inhomogeneously distributed. Since the inhomogeneity may be 
unknown, when measuring the activity of the barrel it is advantageous to use the radiation emitted from it. 
Consequently, robust methods, capable of yielding the results that are independent on the distribution of the 
radioactivity within the barrel, must be used.  

Gamma-rays emitted from the barrel attenuate in the material within the barrel before escaping from it. Since 
attenuation coefficients are decreasing functions of energy for multi-gamma-ray emitters it is possible to deduce the 
amount of material penetrated by measuring their attenuation as a function of energy. This is done with gamma-ray 
spectrometry by measuring the apparent activity A(E) = N(E)/T/ε0(E)/P(E), where N(E) denotes the number of counts in the 
peak at the energy E, T the counting time, ε0 the efficiency of the spectrometer and P the probability for emitting the 
gamma-ray in a nuclear decay. If for ε0(E) the efficiency of a non-attenuating source is used, the energy dependence of 
the detector’s response to gamma-rays is taken into account to a large degree. It follows then that e.g. for a source 
placed on the surface of the barrel the apparent activity is independent on energy. It should be observed that the 
apparent activity is undetermined to a scaling factor since ε0 is rather arbitrary. The apparent activity is proportional to 
the flux of gamma-rays through the detector. It is proportional to the flux density, because it is normalized to the 
efficiency, which measures the volume or the cross section of the sensitive volume of the detector. Also, it is 
proportional to the activity since it is normalized to the rate of the decaying nuclei.  

It is easy to see that a source, homogeneously distributed within the barrel, causes an apparent activity increasing 
slowly with energy already at low energies. On the other hand, the apparent activity for a point source located inside 
the barrel at a distance from its surface tends to zero at low energies since here the attenuation of gamma-rays is large. 
At high energies, the apparent activity of a source embedded into the material within the barrel increases fast with 
energy. It follows then that from the energy dependence it is possible to extract three apparent activities: one 
corresponding to the surface contamination, the second corresponding to the contamination homogeneously distributed 
within the barrel and the third to a point source within the barrel located at a distance from its surface. Since the 
apparent activity is decomposed into three fractions, so are the count rates. Using the efficiencies, calculated by e.g. 
ISOCS software, corresponding to the three sources it is possible to arrive at the three activities. The total activity of 
the drum is the sum of the three activities and its uncertainty is determined from the uncertainties of three activities 
taking into account the correlations.  

With this method four unknowns are necessary to determine: the three activities and the location of the point source. 
Therefore only gamma-ray emitters radiating at at least four energies in a large energy interval can be measured. The 
robustness of the method is demonstrated on test data for the radionuclides belonging to the thorium decay chain. It is 
shown that at count rate uncertainties of 2 % the uncertainty of the total activity is less than 100 % for the worst case 
which is represented by two point sources, one weak at the surface of the barrel and a strong one located deep within it.  

The method described above will be developed and validated as one of the contributions to the EMRP project 
MetroNORM. The aim of the project is to develop novel instrumentation and methods for accurate, traceable and 
standardized measurements of NORM material. This method will make it possible to considerably improve the ability 
to determine total activity of inhomogeneously distributed NORM waste in drums. 
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A method for computation of full energy peak registration efficiency for voluminous atmospheric gamma radiation 
sources (emission of nuclear power plant) using collimated scintillation detector has been developed. The method is 
based on preliminary experiments on calibration of detector response as a function of distance and angle relatively 
detector axis with further mathematical extension of the obtained calibration for significantly larger distances.  

In the experimental part a quite intensive source of 226Ra has been used. This radionuclide is suitable for calibration 
purposes because it escapes gamma-rays lying in a wide energy range. The measurements were carried out at the 
distance of 3-5 meters from detector and 0-90˚ angular range from detector axis. The obtained discrete results has been 
mathematically processed that results in obtaining of a set of smooth dependences describing the efficiency values as 
function of distance and angle. The obtained set of dependences has been extended beyond the experimental region 
and used for efficiency computation for arbitrary points lying in the aperture scope of the collimator used.  

The formulated task is needed for resolving more general problem concerning continuous control of radioactivity 
which releases in atmosphere by nuclear power plants (NPP). At small distances from NPP radioactive emission is a 
gas stream which may be mathematically described by normal distribution whose parameters depends on the 
atmosphere state. Computation of full energy peak efficiency for voluminous figure of gas stream escaping from 
ventilation pipe of NPP lying in the detector’s aperture is carried out by means of Monte-Carlo modelling. The 
developed model takes into account the radiation absorption in the air depending on the weather conditions 
(temperature, atmospheric pressure, humidity). The model of the emitted radioactive stream implies different options 
of radioactivity distributions inside the stream: uniform, triangular and normal one.  

The height of the radioactive stream axis over the ground is one of the key parameters controlling the results accuracy. 
To determine the stream height the following steps are used. At the first step the height in question equated to height of 
the ventilation pipe. At the second step the minimization of residuals of isotope identification procedure is used as a 
criterion for computing the actual height value of the stream. 
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Abundance and isotopic ratios of trace uranium (U), thorium (Th), lead (Pb) and lanthanides in environmental samples 
play a key role to investigate features of the samples. Plutonium (Pu) is an artificial element which originates from 
nuclear bomb tests and accidental releases from nuclear power plants. The analytical data may give information on 
origin of the sample, dating of mineral formation, history on mineralization, and age determination of nuclear 
materials. Abundance and isotopic ratios of an element of interest are generally measured with high resolution 
inductively-coupled plasma mass spectrometers (HR ICP-MS). In most environmental samples such as rocks, soils, 
and airborne dusts, trace Pu, U, Th, Pb, and lanthanides are contained with major elements including Na, K and Fe. 
These major elements and the polyatomic ions including oxides and hydrides of the co-existing elements affect 
accuracy of analytical results measured by ICP-MS. The analytes, therefore, should be separated from the interfering 
elements. Chemical separations are good solution for accurate analyses, but the procedures are generally complicated 
and time-consuming. The authors developed the technique for sequential separation of Pu, U, Th, Pb, and the 
lanthanides using a single anion-exchange column and mixed media consisting of hydrochloric acid, nitric acid, acetic 
acid, and hydrofluoric acid. The target elements were completely separated and fully recovered by using our sequential 
separation technique.  

This work was supported by financial aids from the Ministry of Education, Culture, Sports, Science and Technology 
(MEXT) of Japan (Scientific Research (C): Grand No. 25340078). 
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The methods are based on total decomposition of the solid materials by the use of closed vessels microwave acid 
digestion systems and preconcentration of uranium from the liquid samples by iron hydroxide co-precipitation (after 
heating in case of underground or carbonated waters). The separation of uranium from interfering radionuclides 
(thorium, polonium, etc.) and stable matrix elements (iron, calcium, etc.) is attained by liquid-liquid or solid-phase 
extraction with 10 %-triisooctylamine in xylene or anion-exchange resin (AG 1x4, 100-200 mesh, BioRad) in 
hydrochloric and sulfuric acid media. The possible interferences from other natural (polonium, thorium, radium, etc.) 
and man-made (plutonium, neptunium, etc.) radionuclides were studied and successfully eliminated by different 
approaches. Purified uranium is electrodeposited on a stainless steel disks and then measured by alpha spectrometry. 
Typical energy resolution of the measured disks is 20-25 keV. The chemical yields of uranium are in the range 80-
99 %. The critical steps in the methods were examined in detail. The methods allow determination of uranium isotopes 
in macro amounts of iron (relatively large sample volumes). The analytical methods had been successfully applied to 
the determination of uranium isotopes in surface, mineral and tap waters, as well as in bottom sediments (the rivers – 
Danube, Ogosta and Tzibriza) and soils from Northwestern Bulgaria. The analytical quality of the results was checked 
by analyzing reference materials with different matrices.  

References:  
[1] Popov L (2013) J Radioanal Nucl Chem 298:555-562.  
[2] Popov L (2012) Appl Radiat Isot 70:2370-2376. 
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ACCELERATOR MASS SPECTROMETRY OF URANIUM: TITANIUM DIOXIDE MATRIX AND 
HOMOGENEOUS PRECIPITATION 

Irena Špendlíkováa, Gönül Keçelib, Jakub Raindla, Mojmír Němeca, Peter Steierc 
aDepartment of Nuclear Chemistry, Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University, 115 19 
Prague, Czech Republic 
bDepartment of Chemistry, Faculty of Engineering, University of Istanbul, 34320 Istanbul, Turkey 
cVERA Laboratory, Faculty of Physics, Universität Wien, 1090 Vienna, Austria 
spendlikovairena@gmail.com 

 
In the environmental studies the determination of low concentrations has always been a key issue and therefore, the 
concentration step is usually a crucial part of the sample processing. For the extraction of uranium, sorption materials 
based on titanium dioxides have been proposed and studied for years with promising results. Implementing titanium 
dioxide materials as a sorption material and as a target matrix into classic methods of sample preparations for ? 
236U/238U measurements using Accelerator Mass Spectrometry (AMS) would mean a significant reduction of 
separation steps in procedures and big simplification of the whole method. This research focused on the uranium 
separation by homogenous precipitation using tetra-n-butylorthotitanate as a precursor of titanium dioxide and on the 
potential of titanium dioxide as the AMS target matrix. In order to optimize this method, the experiments with different 
uranium concentration and amount of TBOT were performed. Last experiments were dedicated for AMS 
measurements to observe the behaviour of TiO2 based matrix in 236U/238U measurements using in-house standard 
Vienna-KkU with 236U/238U isotopic ratio of (6.1±0.4)x10-11. The isotopic ratio of 236U/238U in the sample containing 
uranium from in-house standard and titanium dioxide was calculated as (6.16±0.04) 10-11 which is in very good 
agreement with the value of the standard. This means that the titanium dioxide based matrix does not influence the 
measurement of 236U/238U isotopic ratio and is suitable for AMS targets. In addition, it was proved that tetra-n-
butylorthotitanate contains no anthropogenic 236U and therefore, can be used in the preparation methods of AMS 
targets from environmental samples. 
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LASER ABLATION OF ACTINIDE OXIDES 
Keri Campbell, Ken Czerwinski 

University of Nevada Las Vegas 
campb262@unlv.nevada.edu 

 
The ability to examine elemental and isotopic ratios of fuels, waste forms, and other solids by direct analysis using 
laser ablation techniques can greatly reduce analysis costs and time. This is particularly true for actinide elements, as 
they contain useful information of the fuel cycle and nuclear forensics. Current methods to evaluate the composition of 
used fuel include a lengthy process of digestion and separations [1]. These are often coupled with multiple analytical 
techniques and complex sample preparations to determine the elemental and isotopic composition. Furthermore all 
spatial information is lost during the digestion process, eliminating potentially useful data for detailed analysis. The 
goal of this work is to develop and optimize laser ablation inductively coupled mass spectrometry (LA-ICP-MS) and 
Laser Induced Breakdown Spectroscopy (LIBS) techniques for the analysis of and fuel, used fuel and waste forms. The 
materials synthesized for analysis consist of uranium, zirconium and lanthanides composition modeling the main oxide 
phase in used nuclear fuel [2]. In order to understand the behavior of the selected metal oxides in the LA-ICP-MS 
system materials will be prepared with concentrations of 0-100 %. The main focus will be the examination of 
synthesized actinide oxide samples as well as uranium alloys. The project is composed of two tasks that will be 
discussed. The first task is to prepare and characterize actinide matrices and standards. The second task will be to 
develop methods for the analysis of actinide materials using LA-ICP-MS and LIBS evaluating each technique for: 
limit of detection, accuracy, and precision. Optimization of hardware and conditions to overcome technical issues of 
the systems will be discussed. 
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OPTIMISATION OF A LIQUID SCINTILLATION COUNTER FOR LOW-LEVEL MEASUREMENT OF 
LEAD-210 

Peter Medley, Andreas Bollhoefer 
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Lead-210 is a natural radioactive isotope that is commonly used in erosion and sedimentation studies. It may also 
bioaccumulate through the foodchain, which has implications for human ingestion dose assessment and assessment of 
radiation doses to biota. While analysis via gamma spectrometry is the method of choice for most sediments and soils, 
the ability to measure low levels of lead-210 is important for many environmental applications, particularly where 
analyses are required in media such as surface waters or biota tissues. Liquid scintillation counting (LSC) is a popular 
method for analysis as it enables direct and quick measurement of the beta particle emission of lead-210. This has an 
advantage over low-level methods that require long waiting times for analysis via the alpha emitting radioactive decay 
product, polonium-210.  

Unfortunately, it is often impossible to reproduce published radioanalytical methods, including those for analysis of 
lead-210, without contacting the authors, due to information gaps or a lack of detail essential for method development. 
In particular, the steps required for method optimisation in a new environment can be difficult to extract from a 
publication and then reproduce, particularly for small laboratories. In this presentation, the process of optimising the 
analysis of lead-210 via LSC on a PerkinElmer TriCarb instrument is comprehensively detailed, with an emphasis on 
making this process accessible and reproducible in other laboratories around the globe. 
  



NUCLEAR ANALYTICAL METHODS - VERBAL 

 

132 

NAM-V28, (Id: 383) 
BIOGEOCHEMICAL ASPECTS OF MINERAL CONTENT IN YERBA MATE FROM PARAGUAY 
Juan F. Facetti-Masullia, Alicia Dávalos de Sáncheza, Peter Kumpb 
aHydroconsult & Comisión de Energía Atómica 
bJosef Stefan Institute-39 Jamova Ljubjana-Slovenia 
jfrafama@rieder.net.py 

 
Yerba mate, Ilex Paraguayensis, is a plant of paraguayan origin used in infusions by the ancient inhabitants of 
Paraguay as a “reviver”/energy beverage which consumption is lasting up today; furthermore, it is extended almost 
worldwide. In regard to its mineral content very few studies are known; moreover, none has been published related to 
the occurrence of REE (rare earth) and other refractory elements in the leaves. In this work, minor and trace elements 
composition have been investigated by XRF techniques to determine their correlation as well as provenance. The 
analysis of complex spectra was performed by the AXIL software and the quantitative analysis by the QAES software. 
Analyzed trace elements were the refractory Rb , Sr, Y, Zr, Nb, Ba, La, Ce, Nd , Y, 3d as Ti,Cr,Ni,Cu, Zn. Minor 
elements were Mn, Fe which are often related to the above refractory together with S, K, Ca, Br, I, Cs. 
  



NUCLEAR ANALYTICAL METHODS - VERBAL 

 

133 

NAM-V29, (Id: 311) 
EPITHERMAL NEUTRON ACTIVATION ANALYSIS OF FORAGES FROM PERMANENT GRASSLANDS 
OF NORTH-EASTERN ROMANIA 
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aJoint Institute for Nuclear Research & National R&D Institute for Electrical Engineering ICPE-CA 
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cDepartment of Chemistry, Faculty of Chemistry "Al.I.Cuza" University of Iasi 
dJoint Institute for Nuclear Research & Institute of Chemistry of the Academy of Science of Moldova 
eJoint Institute for Nuclear Research 
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The health and performance of grazing ruminants are dependent on the availability of essential mineral elements from 
pastures but the pastures often fail to supply all needed mineral elements in the quantity adequate for livestock grazing. 
Species-rich grasslands with Nardus stricta are one of the important environments for animal production not only in 
Romania but also in other European regions, too. Various studies regarding the biodiversity and the influence of 
fertilizers on the biodiversity value of the mountain grasslands in the Romanian Carpathians were performed. 
Nevertheless, a lack of information regarding the natural input of essential macro and trace elements needed in the 
special metabolic activities exists.  

The aim of this study was to characterize the quality of permanent grasslands in a potential area of ecological 
agricultural production from Dorna area (North-Eastern Romania) by evaluating the content of essential and potential 
pollutant elements in order to optimize nutritional requirements of ruminants. This investigation is a part of a larger 
project on the assessment of the influence of organic fertilization on the total polyphenols and tannins content in 
forages obtained from four natural permanent pastures with predominant Nardus stricta and Festuca rubra L. 
vegetation. 83 plant samples were dried at room temperature and ground to obtain a homogeneous matrix.  

A total of 29 elements were determined by epithermal instrumental neutron activation analysis at the IBR-2 reactor of 
FLNP JINR: Na, Mg, Al, Cl, K, Ca, Sc, V, Cr, Mn, Ni, Fe, Co, Zn, Se, As, Br, Sr, Rb, Mo, Sb, Ba, Cs, La, Sm, Hf, Ta, 
Th, and U. The study of the elemental content was financially supported by a grant from the Plenipotentiary of 
Romania to JINR 81/18.02.2013-56. 
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NAM-P01, (Id: 24) 
NEUTRON ACTIVATION ANALYSIS OF CHILDREN’S HAIR FROM ALTAI REPUBLIC 
Zoya Goryainova 
Joint Institute for Nuclear Research 
zoyag@yandex.ru  

 
The study focuses on the chemical composition of human hair as an indicator of the level of income of the chemical 
elements in the human body and its impact on growth and development of children and teenages in the local 
geochemical conditions. Neutron activation analysis (NAA) was used to analyze 186 samples of hair of children from 
four villages of Altai Republic. Data for 54 boys and 132 girls in the age of 7 to 17 were analyzed. Significantly higher 
content of sodium, aluminum and chlorine was observed in the hair of boys over girls. The following short-lived 
isotopes were determined: Na, Mg, Al, S, Cl, K, Ca, V, Mn, Cu and I. Concentrations of magnesium and calcium were 
significantly higher in the hair of girls. Iodine, copper, manganese and sulfur concentrations in the hair of boys and 
girls are close to each other, the differences between the sexes are not significant. Median concentrations of the studied 
elements in the hair of boys and girls were, respectively: Na – 75 & 50; Mg – 49 & 62; Al – 21 & 13; S – 41150 & 
39850; Cl – 1020 & 390; Ca – 608 & 973; Mn –1,1 & 0,82; Cu – 9; I – 0,2 mg/g. It was shown that the high content of 
calcium and magnesium is observed in the hair of children living in rural areas with high hardness and salinity of 
drinking water. Iodine concentrations in the hair of studied cohort of children is low, especially in puberty. 
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SIMPLIFIED DETERMINATION OF URANIUM IN CONTAMINATED SEA SAND SAMPLES BY ALPHA-
SPECTROSCOPY AFTER ACIDIC DESORPTION AND LIQUID-LIQUID EXTRACTION 

Maria Efstathiou, Ioannis Pashalidis 
Chemistry Department, University of Cyprus 
efstathiou.p.maria@ucy.ac.cy  

 
In order to develop of a simplified method for the determination of uranium in contaminated sea sand samples by 
alpha-spectroscopy, we have investigated the applicability of different pre-analytical procedures (e.g. electrodeposition 
after acidic dissolution using HNO3 solutions of varying concentration (0.1, 1 M, 2 M and 8 M) andelectrodeposition 
after acidic dissolution (0.1, 1 M, 2 M and 8 M HNO3) and liquid-liquid extraction using 30 % tri-butylphosphate in 
dodecane. According to the experimental data direct electrodeposition after acidic dissolution of uranium from sea 
sand particles can be successfully applied only to silica sand. On the other hand, analysis of uranium in sand samples 
containing increased amounts of limestone and iron minerals requires liquid-liquid extraction step to specifically 
separate uranium from iron and calcium, because the latter form a film on the electrodeposition disc reducing 
significantly the counting efficiency. Generally, the maximum efficiency of the studied pre-analytical methods is 
above 70 % and the detection limits of the alpha-spectroscopy about 7 mBq∙l-1, suggesting that the methods studied 
could be successfully applied as a screening method for the radiometric analysis of uranium contaminated sea sands. 
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ANALYSIS OF URANIUM AND PLUTONIUM USING ACTINIDE RESIN 
Andy King 
AWE plc 
andy.king@awe.co.uk  

 
Andrew King, Darrell Knight and Andrew Fairhead AWE plc, Aldermaston, Reading, Berkshire, RG7 4PR, United 
Kingdom A method has recently been developed at AWE for the successful pre-concentration, recovery, separation 
and measurement of actinides using Eichrom’s Actinide Resin. The method was specifically developed to enable 
successful isotopic analysis of uranium and plutonium at trace environmental levels using Thermal Ionisation Mass 
Spectrometry (TIMS). This talk summarises the developed method, associated mass spectrometry results and the 
challenges which were overcome in recovering and purifying uranium and plutonium. Actinide Resin is known to be 
very good at selectively pre-concentrating actinides from slightly acidic and neutral solutions making this method 
attractive for measuring uranium and plutonium isotopic ratios in environmental samples. © British Crown Owned 
Copyright 2013 /AWE 
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DETERMINATION OF U,PU, AM /CM ISOTOPES IN ASH RESULTED FROM THE INCINERATION OF 
NPP CERNAVODA LOW LEVEL WASTE 

Gabriela Teodorova, Adina Sandrua, Laszlo Toroa, Adrian Stafieb, Dorin Dumitrescub 
aMATE-FIN srl 
bNPP Cernavoda 
gabriela.teodorov@matefin.com  

 
For the waste management characterization of radionuclides inventory is required. This work presents the method and 
the results for determination of U, Pu and Am/Cm isotopes in the ash resulted from the incineration of NPP Cernavoda, 
(Romania) low level activity waste, in order to have accurate information regarding the alpha emitting radionuclide 
content and a proper classification (LLW, ILW)of the waste.  

The sample is traced with U-232, Pu-242 and Am-243, then is decomposed in an open microwave digestion system by 
a mixture of a strong acids and peroxide. Hydrofluoric acid is used for destruction of silicates. Hydrofluoric acid is 
eliminated by addition of nitric acid several times. The residue is dissolved in nitric acid and aluminum nitrate 
solution. Uranium, Plutonium and Americium/Cm isotopes are separated from each other and from other radionuclides 
and matrix constituents by extraction chromatography . Two columns with UTEVA and TRUE Eichrome resine were 
used for separation .The sample solution is passed first through UTEVA resin that retains U isotopes, then loading and 
rinsing effluents are passed through TRU resin that retains Pu and Am/Cm isotopes. A redox adjustment of Pu was 
done before passing through UTEVA column using Fe(II) and NH2OH . HCl , and also into the TRU column using 
NaNO2. Ascorbic acid was used to reduce Fe(III) to Fe (II) in order to prevent the uptake of Fe (III). Uranium was 
eluted from UTEVA with diluted hydrocloric acid, americium is eluted from TRU with hydrocloric acid and plutonium 
is eluted from TRU with amonium bioxalat. The sample preparation for alpha spectrometry was done by cerium carrier 
co-precipitation. Alpha spectrometry of measurements were performed by Ortec Alpha Spectrometer System. average 
tracer recovery was about 50,6 % for Uranium, 43,7 % for Plutonium and 54,1 % for Americium 
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RAPID DETERMINATION OF GROSS ALPHA AND BETA ACTIVITY IN SEAFOOD UTILIZING 
MICROWAVE DIGESTION AND LIQUID SCINTILLATION 

Daniel Sas, Jiří Janda, Alena Tokárová 
University of defense 
daniel.sas@post.cz  

 
This paper describes a method for rapid determination of gross alpha and beta activity in seafood using microwave 
digestion system for fast sample decomposition and liquid scintillation as a powerful tool for measuring gross alpha 
and beta activity. The general group seafood was divided into two groups on the basis of the structure, whether it has 
shell or not. The selected group of radionuclides was chosen with respect to military significance, radiotoxicity, and 
possibility of potential misuse. 90Sr and 239Pu were selected as model radionuclides. The decomposition of samples was 
realized by MWS 4 Speedwave (Berghof, Germany) with the method determined to be simple, safe and very effective 
as evidenced by high chemical yield. The evaluation of this method was conducted by automatic TDCR Liquid 
Scintilation Counter Hidex 300 SL (Hidex, Finland). 
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A SIMPLE DETERMINATION OF 41CA BY ICPMS IN CONCRETE SAMPLES AS A TOOL FOR THE 
DECOMMISSIONING OF NUCLEAR FACILITIES 

Maria Letizia Cozzellaa, Mauro Caponea, Simon Jeromeb, Maria Garcia Mirandab, Daniel Zapata Garciac, 
Herbert Wershofenc, Mai Sobrino-Petrirenab 
aENEA 
bNational Physical Laboratory.UK 
cPTB-Physikalisch-Technische Bundesanstalt 
letizia.cozzella@enea.it ENEA  

 
In October 2011 the European Joint research Project MetroRWM – Metrology for Radioactive Waste Management of 
the European Metrology Research and Program (EMRP) began, with a total duration of three years. One of the 
objectives of this project is to develop new measurement methodologies for the assessment of radioactive waste, 
focusing its attention on waste packages containing solid low and intermediate level radioactive waste consigned to 
near-surface or geological repository.  

In the decommissioning of shielding concrete from nuclear facilities, the radionuclides of interest include 41Ca, 55Fe, 
60Co, 63Ni, 133Ba and transuranics. Calcium-41 is of particular interest, due to its ubiquity in reactor bioshields, its 
bone-seeking chemistry and its radiotoxicity if ingested. Among these radionuclides gamma emitters can be easily 
determined using gamma-spectrometry. However for the determination of beta and alpha emitters, such as 41Ca, the 
radionuclides need to be separated individually from matrix and other radionuclides before being measured. Calcium-
41 is a long-lived radionuclide produced by neutron activation in the concrete shield around the reactor, 40Ca (n,γ) 41Ca 
and displays high mobility in the environment and as well bone-seeking bioavailability. Calcium-41 decays to the 
ground state of 41 K by pure electron capture, emitting X-rays and Auger electrons of very low energy (0.3-3.6 keV). 
Measurement by X-ray spectrometry is challenging due to the relatively low detection efficiencies encountered in this 
technique, the low abundance of X-rays from 41Ca (11.4 % for 3.31 keV X-ray) and the possibility of severe 
interferences produced by other beta-gamma radionuclides with similar energy. It can be measured by liquid 
scintillation but the procedure is time-consuming because all other radionuclides have to be removed due to the poor 
energy resolution of beta spectra and the low energy of its X-rays and Auger electrons.  

Mass spectrometry techniques such as accelerator spectrometry (AMS) and resonance ionization mass spectrometry 
(RIMS) have also been used for the 41Ca determination but both of these techniques are expensive and not easily 
available for the routine analysis. The aim of this paper is to describe a rapid and reliable method for the determination 
of 41Ca in concrete samples by ICPMS, overcoming the complex and time consuming chemical separation of 41Ca from 
the matrix.  

Samples are firstly ground and fused with LiBO2 and Li2B4O7 (in the presence of ~0.5 % LiBr) and then dissolved in 
dilute acid. Then silicates are removed by means of PEG-precipitation. The acid solution can be analyzed directly, 
using the reaction cell mode, in order to avoid the polyatomic and isobaric interferences. Preliminary recovery tests 
using solutions of known concentrations of K and Ca were performed. The average recovery is 101.3 % with a relative 
standard deviation of 3.2 % showing the method has good reproducibility 
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IMPLEMENTATION OF CALCULATION CODES FOR CORRECTIONS OF SYSTEMATIC EFFECTS IN 
MEASUREMENT LABORATORIES 
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A vast number of papers are reporting on the development of calculation codes for corrections of systematic effects in 
gamma spectrometry. Many comparison studies have also been performed where differences and similarities between 
many of those calculation codes are presented. However, most studies performed in this area are performed for the 
experienced user or program developers. Despite the high quality of those papers and the important information about 
the calculations codes, when selecting, implementing and using these codes at different laboratories regular users are 
often struggling with other issues. This study aimed at considering a user perspective for correction of common 
systematic effects within gamma spectrometry that measuring laboratories are facing in their daily work.  

A coincidence free calibration was established for a volume source at an endcap position by characterising the detector 
geometry using the calculation code VGSL (Virtual Gamma Spectrometry Laboratory). Furthermore, four different 
calculation codes (ANGLE, EFFTRAN, GESPECOR and VGSL) were compared by calculating corrections factors for 
true coincidence summing (TCS), fill degree in the sources and new source-detector geometries. Two of the 
calculation codes are simulation codes and two are semi-empirical codes. The detector model was optimized with 
VGSL and thereafter the same model was used in the other softwares.  

There are differences in how the correction factors are calculated in the calculation codes, by Monte Carlo simulation 
or efficiency transfer. Also the degree of details of the detector and source parameters that can be entered varies 
between the codes. Within the scope of the investigations in this study this has not shown any effects on the results. 
Furthermore, despite the fact that the detector model only was optimized with one of the calculation codes no clear 
differences could be observed as a result from this.  

The uncertainty of the TCS corrected activities were found to be in the same magnitude as the certified activities in the 
reference solution itself. When activities were corrected for different filling degrees in the sample sources the 
deviations from the certified reference solution were generally lower than 5 %. Larger deviations were observed, 
around 10 % or less, when activities were corrected for new source-detector geometries. Discrepancies between 5 and 
10 % are often considered to be acceptable for some applications, i.e. environmental or survey monitoring. This is an 
important knowledge for cases when it can be motivated to calculate corrections for other source-detector geometries. 
However, measurements should preferably be performed in source-detector geometries closely resembling the 
calibration geometry since those corrected activities are associated with lower uncertainties.  

The user should carefully select the proper calculation code that will cover the need of the measurements that will be 
performed, i.e. if TCS corrections are needed and what detectors and sources will be used. When implementing the 
calculation code at the measuring laboratory it is of greatest importance to validate the calculations and thereby 
identify within what boundaries the corrections are valid. It can be concluded that all the investigated calculation codes 
in this study are robust and will give reliable measurement results. 
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Urine analyses can be used to assess the performance of the radiation protection control practices. The separation 
methods used for estimation of radionuclides in urine are often time consuming and of lower sensitivity. The 
determination of low levels of actinides and strontium in biological samples require lengthy and tedious chemical 
processes, which include pre-concentration of samples, radiochemical separation, and source preparation. The 
determination of radionuclides in samples of urine thus requires fast approach due to radiotoxicological nature of Am, 
Pu and Sr to human body. In recent years, many studies have applied extraction chromatography to radionuclide 
isolation from urine samples. In our work, molecular recognition sorbents AnaLig®Sr-01 and AnaLig®Pu-02 from 
IBC Advanced Technologies, and Eichrom´s DGA® resin were used to effectively and selectively pre-concentrate, 
separate and determine strontium, plutonium and americium in urine samples. Method employs four-columns 
separation consisting of four different commercial products. First is Eichrom’s Pre-filter Material, that removes 
organic compounds present in urine, which interfere with separation and decrease specific radionuclide sorbtion 
efficiency. This step improves reduction of carry over between columns in tandem and simplyfies whole separation 
method that is absent of difficult sample pretreatment steps for coloured material elimination used in other works. 
After passing through the Pre-filter Material column, urine samples are sequentialy loaded onto second and third 
column, containing one of the AnaLig® series sorbent, that contain specific crown-ethers, and on fourth, stacked with 
DGA® resin (branched) in which the extractant system is N,N,N’,N’-tetrakis-2-ethylhexyldiglycolamide. Before 
analysis, samples of urine are acidified with concentrated nitric acid to acquire final concentration of 2 M. Volumes of 
urine samples varied from 50 ml to 200 ml. Depending on volume, various amounts of NaNO2 were added to secure 
oxidation of Pu3+ to Pu4+ form, obtaining three different oxidation states for each used radionuclide, in our case Sr2+, 
Am3+ and Pu4+. These are selectively captured on specific column, providing easy way for separative determination of 
harmful radionuclides in one sample at once. Radionuclides in columns were eluted with certain volumes of 0.05 M 
Na4EDTA for AnaLig®Sr-01, 9M HCl with TiCl3 for AnaLig®Pu-02 and with 0,1M HCl for DGA® resin. Strontium 
samples were counted repeatedly by Cerenkov counting over a 2 week period to monitor the ingrowth of 90Y on TRI 
CARB 2900 TR (PerkinElmer), while americium and plutonium samples were measured with ORTEC α-spectrometer 
576A. Required time of procedure for 100 ml of urine is approximately 2 hours from collection of urine to beginning 
of measurement. This sequential method does not use phosphate co-precipitation of strontium or plutonium and ashing 
steps to remove organic compouds, which rapidly quickens and simplifies analysis process. Method separates Sr, Am 
and Pu from urine with high chemical recoveries and is suitable for use after accidents or emergency situations.  

Key words: urine analysis, AnaLig Sr01, extraction chromatography, strontium, plutonium, americium 
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INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS 
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More than just being one of the "big three" cereal crops (with maize and rice), wheat is the staple food of humankind, 
with a history that is closely intertwined with humanity's own. Even if up to 100,000 plant species have been used -- on 
a regular or occasional basis -- since prehistoric times to meet the various needs (food, clothing, shelter, health) of an 
ever growing human population, wheat and its wild ancestors most likely were at the locus of an amazing evolutionary 
step that turned hunting and foraging/gathering individuals into settlers and, eventually, farmers. Domestication of 
diploid wild einkorn and tetraploid wild emmer is arguably thought to have begun some 10,000 years ago, although 
incipient cultivation of autochthonous landraces may have started well before that, in the early Holocene. The origins 
of such an agricultural beginning can be traced back to the vast and geographically diverse expanses of the Fertile 
Crescent in southwest Asia and the Middle East, while agriculture itself is, of course, the prominent feature of the so-
called Neolithic Revolution, especially in what concerns cereal domestication (the above-mentioned einkorn and 
emmer wheats, and also wild barley).  

The status of wheat as the universal cereal of ancient agriculture has been kept through this day. Tonnage (though not 
acreage) of wheat grown worldwide may have been overtaken by both maize's and rice's shortly before the turn of last 
century, yet wheat remains unrivalled as to its latitudinal range of cultivation, crop area proper, caloric and nutritional 
relevance, and, last but not least, cultural significance at large. Current production is unevenly split between an 
overwhelming majority of hexaploid bread wheat (about 95 %), and a remaining share of (mostly) tetraploid durum 
wheat plus small amounts of hulled-grain wheat species (einkorn, emmer, spelt). Given such a background, no wonder 
that wheat germplasm was among the first to be stored in archival collections and seed banks, despite early general 
(technical) difficulties in preserving genetic resources as germplasm holdings. Besides, it is only fitting that wheat was 
the founding subject of one of the longest-running experiments in the history of science, the Broadbalk experiment at 
Rothamsted, UK (1843-present) -- 170 years and counting!  

Following the first morphological and taxonomic inventory of Portuguese wheats (1933), a collection of wheat 
cultivars has been maintained, replanted and documented by the National Institute of Agricultural and Veterinary 
Research, specifically by its former division known as the National Station for Plant Improvement (ENMP, Elvas). The 
ENMP collection has always been an invaluable asset in studies of agronomic and/or genetic development of wheat 
lines, as well as providing a reference frame for the nutritional evolution of Portuguese wheat crops. This work 
addresses the current status of major elemental nutrients and contaminants in a pool of 97 accessions of bread (52) and 
durum (45) wheat. All grain samples were irradiated at the Portuguese Research Reactor (RPI; CTN-IST, Sacavém) for 
5 h, at a thermal-neutron flux density of 2.25E12 neutron per square cm and s, together with comparator disks of Al-
0.1 %Au. Gamma spectra were acquired with a liquid nitrogen-cooled, high-purity Ge detector. Elemental 
concentrations were determined through k0-standardized, instrumental neutron activation analysis (k0-INAA), and 
quality control was carried out by concurrent analysis of NIST-SRM 1567a, NIST-SRM 1568a and INCT-OBTL-5. In 
the discussion, focus will be given to essential nutrients like Fe, Mg, Se and Zn, and also to historical trace 
contaminants like As, as compared to current ionomic traits in modern European wheats. Special attention is paid to 
the (low) levels of Se, for which wheat acts as an important source in human diets, with a view to curbing its 
deficiency in Portuguese cultivars through agronomic biofortification. 
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Many techniques have been developed in the interest of measuring radionuclides activity concentration in environment 
in case of a nuclear accident. Some so called “crisis” techniques are currently under development at the Institut de 
Radioprotection et de Sûreté Nucléaire in France in order to rapidly measure radioactive isotopes of interest and 
provide information to the authorities.  

Especially, strontium 89 and 90 can be radioactive isotopes of interest. They are both pure beta emitters. Because of 
their toxicity and the similarity of their physical and chemical behavior with calcium, these elements may be found 
through the food chain. Strontium 89 has a half-life of 50.5 days and can reach an activity concentration 10 to 170 
times higher than strontium 90 in case of accidental reject. After the Fukushima accident, the necessity of quantifying 
rapidly strontium 89 and 90 appeared. It is therefore essential to measure their activity concentration in the 
environment [1].  

The technique we are going to present concerns the determination of the activity concentration of strontium 89 and 90 
in water, according to the 89Sr/90Sr ratio. It consists of two stages: the chemical separation by ionic chromatography 
and the measurement of the activity concentration of strontium 89 and 90 with a liquid scintillation counter.  

The automated separation is performed from the adaptation of an existing ionic chromatography, whose features are 
not to measure cations but to separate and isolate strontium. It is important to understand that right after the isolation of 
strontium, the decay product of 90 strontium (yttrium 90) will grow instantly. The measurement step is also singular 
because of the use of Cerenkov Effect on a quenched sample. The quenching is realized by applying a thin colored film 
on the sample vial. As beta particles energy of strontium 90 is low for Cerenkov Effect (540 keV), its counting 
efficiency is very low. The colored quench is therefore used to make disappear the number of counts on the spectrum 
caused by strontium 90. This way, yttrium 90 ingrowth and strontium 89 decay are exclusively measured (E90Sr < 
E89Sr < E90Y). Successive countings and modeling of the ingrowth/decay kinetics allow us to evaluate the activity 
concentration of strontium 89, and 90 depending on the 89Sr/90Sr ratio.  

The results we are going to present at Radchem 2014 concern the development of the chemical separation by ionic 
chromatography and measurement of strontium by Cerenkov Effect. Studied parameters such as the quenching 
parameter to use, the sample geometry and the influence of 89Sr/90Sr ratio will be discussed. Results on proficiency test 
samples and standard solutions will also be shown. At last, an estimation of the total analyzing time comprising the 
separation and measurement steps will be given.  

[1] Tovedal A, Nygren U, Ramebäck H. Methodology for determination of 89sr and 90sr in radiological emergency: i. 
scenario dependent evaluation of potentially interfering radionuclides. J Radioanal Nucl Chem 2009, 282(2), 455–459. 
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Gold nanoparticles (GNPs) have been utilized in high technology applications such as organic photovoltaics, sensory 
probes, therapeutic agents, drug delivery in biological and medical applications, electronic conductors and catalysis. 
GNPs for use as molecular imaging probes and their biodistribution in safety reason have been studied, widely and 
intensively. The objective of this study was to evaluate the capability of neutron activation analysis (NAA) method to 
determine GNPs in mice tissues and biological samples. 10 nm GNPs were instilled into a mouse and eleven tissue and 
biological samples such as blood, bone, brain, gonad, heart, intestine, kidney, liver, lung, spleen and stomach were 
prepared for NAA. The prepared sample was irradiated for 10 minutes with thermal neutrons using the Pneumatic 
Transfer System (PTS) at the HANARO research reactor in the Korea Atomic Energy Research Institute (KAERI). 
Acquisition of the gamma-ray spectrum was carried out using a high purity Ge detector coupled to DSPECPLUS. 
Intravenously administered GNPs were detected only in the liver and spleen samples. On the contrary, orally 
administered GNPs were detected in the stomach and intestine samples. High amount of Na in the samples hampered 
the detection of GNPs and minimum detection limit for GNPs in these samples was approximately 0.01 mg/kg. 
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The method allows cheap, safe and reliable determination of 89Sr and 90Sr in major environmental materials in sizeable 
quantities – water (500 L), soil (1000 g), milk (20 L), grass (1000 g), bone (1000 g), etc., routinely or in emergency 
situations (nuclear power plant accidents, “dirty” bombs, nuclear weapons detonation, etc.). Radiostrontium is leached 
by aqua regia from the ashes of the solid samples (burned at 550 °C) or it is preconcentrated from the liquid samples 
by carbonate precipitation. The separation of strontium from the large quantities of calcium is atained by the use of 
NaOH – under heating or at room temperatures. Due to difference of solubility of strontium and calcium hydroxides in 
diluted alkaline solution (0.2-0.3M NaOH) calcium hydroxide can be precipitated while strontium hydroxide remains 
in the solution. When both 89Sr and 90Sr should be reported radiostrontium is separated from the isotopes of 
barium/radium/lead by precipitation of the latter as chlorides in hydrochloric acid. Otherwise when only 90Sr is 
expected to be present in the samples then separation (after ingrowth) of its daughter nuclide 90Y (from 90Sr and 
isotopes of barium/radium/lead) is carried out in sulfate and ammonium hydroxide media. Measurements are 
performed by liquid-scintillation spectrometer in Cherenkov mode (without scintillation cocktail) of purified 89,90Sr or 
purified 90Y. Chemical yields of strontium and yttrium is measured respectively by gamma-spectrometry (of 85Sr-
tracer) and by titration (of stable yttrium carrier). The critical steps in the method were examined which resulted in 
reproducible chemical yields in the range 75 – 95 %. The method has been used routinely at 2 laboratories in Bulgaria 
for analyses of more than 1000 samples in the last 7 years. The analytical quality was checked by analyzing reference 
materials with different matrices and regular participations in international intercomparisons.  

References:  
[1] Popov L, Hou X, Nielsen SP, Yu Y, Djingova R, Kuleff I (2006) J Radioanal Nucl Chem 269:161-173.  
[2] Popov L, Mihailova G, Hristova I, Dimitrova P, Tzibranski R, Avramov V, Naidenov I, Stoenelova B (2009) J 
Radioanal Nucl Chem 279:49-64.  
[3] Chen Q, Hou X, Yu Y, Dahlgaard H, Nielsen SP (2002), Anal Chim Acta 466:109-116.  
[4] Patti F, Hernandez A (1971), Anal Chim Acta 55:325-.  
[5] Chang TM, Chen SC, King JY, Wang SJ (1996) J Radioanal Nucl Chem 204:339-347. 
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Selenium (Se) is an essential trace nutrient whose importance in human health is simply not up to par with its relative 
abundance in the Earth's upper continental crust: it is one of the least-common elements, with an average concentration 
that makes it rarer than, for instance, gold. Though ubiquitous, Se also features an uneven distribution in agricultural 
soils, that act as its port of entry into the nutritional path through uptake and accumulation by edible plants, even if 
such an element is not required for their own growth. Since the Se transfer up the soil-plant-(animal)-human food chain 
is generally efficient, that soil-Se imbalance easily translates into substantial variation in food-Se content and, 
ultimately, into significant divergence in human-Se intake.  

The ever-increasing attention paid to the role of selenium and selenoproteins in human health stems primarily from an 
ever-growing body of evidence about not only their actual (general) importance for defending against oxidative 
stress/damage and thyroid malfunction -- that is against immune failure at large -- but also about their potential 
(beneficial) effect in a plethora of life-threatening issues (cardiovascular disease, critical illness and, especially, cancer) 
or, at least, life-deteriorating (cognitive, metabolic and reproductive) conditions. Some evidence may be inconclusive 
or even inconsistent, yet the relevance of selenoproteins to health seems unquestionable. Such an importance has since 
been recognised by both global organizations and national authorities, leading to a range of dietary recommendations 
for Se intake that currently averages 60 and 53 μg per day for adult men and women, respectively.  

An extensive investigation of Se levels in cereals and their cultivation soils has been carried out across the main 
production areas of mainland Portugal, with a view to an eventual Se supplementation of major cultivars. Breads and 
cereal derivatives (breakfast blends, pastas, etc) make up a considerable share of Portuguese diets, so an increase in the 
bioavailability of Se through supplementation of crops may contribute to an upgrade in the Se status of the whole 
population. Cereals are far from being the main sources of Se on a content basis, but they are likely the major 
contributors to intake on a daily basis. The present paper focuses on the ability of bread and durum wheat -- Triticum 
aestivum L. and Triticum durum Desf., respectively -- to accumulate Se after supplementation via a soil-addition 
procedure. Four of the most representative wheat cultivars in the country -- Jordão and Roxo (bread); Marialva and 
Celta (durum) -- have been selected for supplementation trials, following the same agronomic practices and field 
schedules as the regular (non-supplemented) crops of the same varieties (seed planting: November 2010; crop 
harvesting: July 2011).  

Soil additions were performed at sowing time, using sodium selenate and sodium selenite solutions equivalent to field 
supplementation rates of 4, 20 and 100 g of Se per ha. Total Se in field samples was determined by cyclic instrumental 
neutron activation analysis, via the short-lived nuclide 77mSe (half-life time: 17.5 s) at the Technological and Nuclear 
Campus (Portugal), and by radiochemical neutron activation analysis, via the long-lived nuclide 75Se (half-life time: 
120.4 d) at the Nuclear Physics Institute (Czech Republic). Quality control of the procedures was regularly asserted 
through analyses of NIST-SRM 1515, NIST-SRM 1567a and NIST-SRM 8433. Results show that soil 
supplementation at top rate can increase Se contents in mature grains up to 2, 16, 18 and 20 times for Jordão, Roxo, 
Marialva and Celta, respectively, when compared to grains from non-supplemented crops. These findings are also 
discussed with respect to Se-biofortification data from another field experiment, in which wheat crops were grown 
under an alternative Se-supplementation method (foliar application). 
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The thermal equivalent neutron flux at the prompt gamma activation analysis (PGAA) facility at the 
Forschungsneutronenquelle (FRM II) at Garching, Germany is 6 1010 cm–2 s–1 which is the highest beam flux reported. 
This beam intensity is already strong enough to activate samples for the purpose of neutron activation analysis (NAA), 
too. This option has been used together with PGAA simply performing decay counting after switching off the beam 
using the same spectrometer used for the in-beam measurement, and proved to be useful in the case of a handful of 
elements, like Na, Mn etc. The main advantage of in-beam activation is that the beam contains no epithermal or fast 
neutrons, thus realizing activation in its purest form. Many elements, like Al, Sb, or Ge could not be analyzed in this 
way, because they appear in the spectral background. Recently, a low-background counting chamber has been installed 
a few meters away from the PGAA instrument using a 30- % HPGe detector equipped with a mechanical cooler and 
covered with 10 cm of lead, boron and lithium-containing sheets against neutrons and tin to attenuate lead x-rays. The 
background conditions are much better for this spectrometer, at the same time the counting efficiency is also higher. 
This enables us to analyze a larger number of elements off-line. The first results will be presented at the conference. 
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Spent nuclear fuel from the nuclear power plants owned by TVO (Teollisuuden Voima Oy) and Fortum, is planned to 
be disposed at a repository at a depth of more than 400 meters in the bedrock of Olkiluoto (Eurajoki, Finland). The 
repository system includes multiple release barriers: the nuclear fuel, copper canister with a cast iron insert, bentonite 
buffer around the canister and backfilling of the tunnels. Furthermore, the surrounding rock is the last barrier if the 
man-made barriers fail during the passage of time. Safe disposal of spent nuclear fuel requires information about the 
radionuclide transport and retention properties within the porous and water-containing rock matrix along the water 
conducting flow paths.  

The second in-situ experiment within ONKALO, the underground rock characterization facility in Olkiluoto, as part of 
the project “rock matrix REtention PROperties” (REPRO) was performed during 2013 using 3H, 36Cl, 22Na, 85Sr and 
133Ba as tracer nuclides. The aim is to study the diffusion and sorption properties of nuclear compounds in the rock 
matrix under real in-situ conditions.  

A straightforward way to investigate properties of rock matrix under in-situ conditions is to carry out a water phase 
matrix diffusion experiment (WPDE2) in a two-meter artificial flow channel along the perimeter of the drillhole. The 
volume and aperture of the flow channel are minimized by an impermeable cylindrical flow guide inside the packer 
system. The inlet and outlet positions of water are located at the opposite ends of the packed-off section. WPDE2 
tracer test is performed using a slow flow rate that is generated using a piston pump. The experiment is executed using 
synthetic groundwater to carry the tracer solution. This work presents the determination of radionuclides activities 
from the WPDE2 experiment giving the breakthrough curves of the radionuclides as a result. Rapid and precise 
determination of 3H, 36Cl, 22Na, 85Sr and 133Ba is of vital importance in the project. The activity of 22Na, 85Sr and 133Ba 
can be measured using gamma detector. Due to their electron emissions 22Na, 85Sr and 133Ba disturb the LSC 
measurement of 36Cl and 3H. So it is essential to seek a simple, convenient way to separate these radionuclides before 
spectrometric analyses.  

From the initial water sample 22Na, 85Sr and 133Ba are measured by gamma spectrometry first. Then NaCl carrier is 
added in solution. AgCl precipitation is produced and Ag(NH3)2Cl solution is measured with liquid scintillation 
analyzer to obtain the 36Cl activity. Sr(NO3)2 and Ba(NO3)2 carriers are added to the supernate and 85Sr and 133Ba are 
precipitated as carbonates; SrCO3 and BaCO3. This supernate contains 3H and 22Na and remains of 85Sr and 133Ba. 
Gamma emitting nuclides are measured first and then 3H with liquid scintillation analyzer. 22Na, 85Sr and 133Ba disturb 
the counting of LSC measurement. Thus using the quench curves determined for each of gamma emitting nuclides in 
3H window of LSC, the amount of counts from the disturbing nuclides in 3H window can be calculated and reduced 
from the actual 3H counts. Then the “clean” 3H activities are determined by using the 3H quench curve.  

The separation procedure is optimized. The recovery of 36Cl is about 100 % as well as the recovery of 85Sr while the 
recovery of 133Ba is slightly less, being about 85 %. The detection limit for 3H in this solution is 1 Bq/g. The 
precipitation procedure is easy and fast to separate 36Cl from the solution. 85Sr and 133Ba can be removed from the 
solution by carbonate precipitation in a way that 3H is measurable. 
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A delayed neutron counting system installed at the HANARO research reactor in the Korea Atomic Energy Research 
Institute was applied to the analysis of elemental uranium concentrations in the rock samples collected at the 
Samcheok area, northeastern Yeongnam massif, South Korea. For the accurate determination of uranium, the 
correction of thorium interference was carried out. The resultant values are consistent with the values determined by 
the ICP-MS. The DNC method was proven to be a very rapid and excellent method for the quantification of the 
uranium concentration in the geological samples. Keywords: Delayed neutron counting, uranium concentration, 
thorium concentration, rock samples 
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Neutron Depth Profiling (NDP) is a nondestructive near surface method that can analyze the component nuclide 
concentration versus depth distribution in a sample by detecting the charged particles emitted after the neutrons are 
absorbed. NDP technique has became an important method to measure depth profiles of light elements such as lithium 
and boron in lithium battery and semiconductor materials. The Korea Atomic Energy Research Institute NDP (KAERI-
NDP) facility has been installed at the HANARO research reactor. For the first application of the KAERI-NDP system, 
boron implanted and lithium deposition samples were prepared for depth profiling of 6Li and 10B. Additionally, 
electrode film samples were prepared by disassembling the lithium ion battery used in the mobile phone. The 
production and real samples were installed at the target chamber of the KAERI-NDP system and irradiated for 
different times with cold neutrons at the CG1 guide of the HANARO. The charged particle spectra were measured by 
using ion implanted Si detector. Measured spectra were analyzed and depth profiles of 6Li and 10B were determined. 
For the production samples where 10B implanted into the Si wafer, peak depth, peak concentration and aerial density 
was matched with those of SIMS method within 2, 6, 9 %, respectively. In the case of lithium deposition samples, 
there was a difference of 6Li concentration profile in the deep region for the thick sample. 6Li concentration of the 
cathode of lithium battery was 5 times higher than that of the anode sample. 
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Implementation of the k0-NAA in Řež aimed at the development of routine panoramic trace-element analysis method 
for samples with various matrices and of different origin. To meet the customers’ expectations, procedures and 
practices have been established to ensure the high quality of the results produced, such as, calibration of the equipment 
used (scales, pipettes, detectors), in-situ determination of neutron flux parameters in irradiation channels of the 
multipurpose research LVR-15 reactor, use of replicates (if possible), blank analyses, use of certified reference 
materials, namely NIST SRMs 1547, 1633B, 2711, and/or others in case of availability, preferably with a good matrix-
match to the samples to be analyzed. Using results of the SRMSs, control charts are maintained to monitor the long-
term stability and quality of the assays. For most elements, agreement is obtained with the certified values within 
uncertainty margins. A procedure has also been designed to use noncertified values for quality control in the same way 
as the certified values. In a few cases, however, results deviating from the certified or noncertified values are 
consistently being found, although the differences are not of a systematic nature. Such cases are topics of our future 
studies. To test and improve the quality control measures, our lab also successfully participated in several inter-
laboratory comparison rounds organized and sponsored by the IAEA using test samples of plant and soil origin 
provided by the Wageningen Evaluating Programs for Analytical Laboratories (WEPAL). 
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The improvement of solar cells by achieving higher efficiencies and lower production costs is getting more important 
because of the worldwide increase of photovoltaics as a renewable energy source. In this framework, the aim of DFG-
Project HA 5471/4-1 (Department of Nuclear Chemistry, Johannes Gutenberg-University, Mainz, “Fraunhofer Institute 
for Solar Energy Systems” (ISE), Freiburg) is to optimize the methods of manufacturing and analysis of solar silicon.  

One manufacturing method is the directional solidification of raw and partly purified silicon (called “feedstock”). 
Based on their lower segregation coefficients, the impurities accumulate in the liquid stage during the solidification. 
The so produced silicon has acceptable concentrations of impurities and is called “solar grade silicon” (SoG-Si). For 
the analyses by means of Instrumental Neutron Activation (INAA) and Prompt Gamma Activation (PGAA) samples 
from SoG silicon as well as from highly purified silicon after the final solidification step are irradiated at three 
different research reactors: TRIGA Mainz, BR 2 Mol and FRM II Munich. Of special interest are the dopants boron 
and phosphorus and the 3d transition metals, which decrease the efficiency of solar cells by recombination of charge 
carriers. Profiles of these element concentrations in the produced silicon ingot as well as analyses of the impurity 
concentration in feedstock material and melting pot samples can help to improve the manufacturing method [1].  

First results of measurements have shown a specific element distribution in produced silicon, caused by processes of 
diffusion and segregation [2]. Most of the elements, especially cobalt and boron, follow the Scheil-Equation [3] for 
distribution during directional solidification. With INAA the elements cobalt, iron, copper, chromium, antimony and 
scandium could be detected in silicon with a very low detection limit; with PGAA it was possible to measure boron at 
the ppb-level.  

[1] J. Hampel, F.M. Boldt, H. Gerstenberg, G. Hampel, J. V. Kratz, S. Reber, N. Wieh, Fast determination of 
impurities in metallurgical grade silicon for photovoltaics by INAA, Applied Radiation and Isotopes, 2011  
[2] D. Macdonald, A. Cuevas, Transition-metal profiles in a multicrystalline silicon ingot, Journal of Applied Physics, 
2005 [3] E. Scheil, Zeitschrift für Metallkunde, 1942 
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For determination of 236U/238U ratios in environmental samples by accelerator mass spectrometry, the U3O8 targets are 
usually used for the UO- beam production. Uranium fluoride targets containing no oxygen and hydrogen may offer 
higher molecular isobar suppression together with a higher accuracy and sensitivity of uranium isotope analysis1. 
However, the preparation of anhydrous UF4 targets is more complicated than the preparation of U3O8 targets. When 
introducing inert atmosphere into the dehydration step of the preparation the only partial reduction of oxygen and 
hydrogen content in the final product of the preparation method was assured. In this work, several U3O8 and UF4 
targets were tested in the CENTA laboratory using the MC-SNICS ion source and double focusing injection magnet 
and the targets were prepared using the Vienna KKU standard with 236U/238U isotopic ratio of 10-11. The detailed 
study of anhydrous UF4 preparation method will be performed in CTU laboratories. The ion current from only one 
UF2- sample was in average higher by about 50 % than the UO- current from the U3O8 samples. The targets were 
completely sputtered away, and the estimated ionization yields of UO- and UF2- were of the order of 10-3. However, 
with the improved procedure of the UF4 targets production, we expect that even higher ionization yields could be 
obtained.  

REFERENCES  

[1] Wang X.: Nucl. Technol., 2013(182), 235. 
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Palladium 107Pd and Selenium 79Se are amongst nineteen limited radionuclides monitored in wastes disposed at 
national repositories in Slovak Republic. Both of these radionuclides are pure beta emitters with energies Ebeta,max 
150.7 keV; 33 keV respectively. Such low energies of beta spectra make them very difficult to measure. The best 
possible method of determination is liquid scintillation counting. Even LSC methods are to be much more 
sophisticated than simple photomultiplier tube measurements; triple-to-double coincidence ratio liquid scintillation 
counting is one of the best methods to determine these difficult to measure radionuclides. Radiochemical separations of 
these radionuclides are not even in these days exactly described. Procedures are either very complex or other parts of 
procedures are dealing only with selenium and palladium as a toxic element and heavy metal therefore the emphasis is 
on determining with instrumental methods: ICP MS, ICP AES and ICP OES. These methods cannot be used in case of 
intermediate level RAW. Intermediate level, historic RAW from NPP A1 are presently disposed. Since at A1 NPP 
occurred INES 4 accident in year 1977, cladding of many fuel assemblies was violated, even one fuel assembly was 
melted down, whole spent fuel storage, reactor vessel and other storages for fuel assemblies were severely 
contaminated with fission, activated and transuranic elements with specific activities up to 1011 Bq/kg. This paper is 
describing development of selenium 79 separation in steps consisting precipitation of selenium into its metallic form 
and achievement of desired radionuclide purity with ion chromatography. Determination of palladium is studied in few 
simple precipitation steps with DMG and co-precipitation of other pollutants. Both limited radionuclides are 
determined with liquid scintillation counting with TDCR. 
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Instrumental photon activation analysis (IPAA) is a useful and complementary method to instrumental neutron 
activation analysis (INAA). IPAA allows determination of number of elements not determinable by INAA, and 
determination of many elements with a better sensitivity than INAA. Unlike INAA based mainly on the neutron 
capture reactions (n,gamma), PAA is based on photonuclear reactions, particularly photodisintegration reactions 
(gamma, n) and (gamma,p), and photoexcitation reactions (gamma,gamma’). These reactions take place only at photon 
energies exceeding a threshold. This can be utilized in optimizing beam energy at irradiation of a specific sample, 
when partial suppression of interfering nuclear reactions can be achieved by keeping the maximum photon energy 
below or only slightly above their threshold. Particularly in analysis of geological samples (minerals and rocks), this 
reduces substantially, compared to INAA, matrix effects hindering determination of trace elements. Higher penetration 
of high energy photons and lower activities produced allow also analysis of larger samples.  

An effective source of the high energy photon radiation for use in IPAA is the secondary radiation - bremsstrahlung - 
produced at deceleration of electrons accelerated in a high frequency cyclic accelerator - microtron. The MT-25 
microtron built at the Czech Technical University in Prague in the late 1980s, after its takeover and modernization by 
the Nuclear Physics Institute ASCR in the years 2003-2005, has been utilized regularly for purposes of IPAA. Until 
recently, IPAA analyses could be carried out only in an offline regime, i.e., in assay of elements providing by 
photoactivation radionuclides with half-lives long enough for counting with a sufficient count yield even after decay 
time elapsed between switching off the microtron and manual delivery of sample to a detector. Currently, installation 
of an automated pneumatic system for rapid sample transport between the beam position and detector in an online 
regime is being completed which will, regarding numerous short-lived products of photonuclear reactions, provide 
substantial extension of the analytical range of IPAA. The contribution presents possibilities and recently realized 
examples of utilization of IPAA with the MT-25 microtron, namely a recently developed and optimized procedures for 
fast fluorine and nitrogen assay, and their application in analysis of various materials.  

The work has been supported by the projects 13-27885S and P108/12/G108 of the Czech Science Foundation. 
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Microtron is a high frequency cyclic accelerator of electrons with fixed frequency and constant magnetic field. 
Electrons are accelerated in a cavity resonator by high frequency energy supplied by high pulse power of a magnetron, 
orbit within an accelerating chamber in circular trajectories with gradually increasing diameters, gaining gradually 
higher energy, and can be extracted from individual orbits to achieve required beam energy. The accelerated electron 
beam can be converted into high energy photon radiation - bremsstrahlung - on a target made usually of tungsten. 
Microtron can thus be used as an effective source of high energy photon radiation for use in photon activation analysis 
(PAA). With a suitable secondary converter, microtron can be used also as a neutron source suitable for neutron 
activation analysis. In 1981, microtron MT-22 built at the Czech Technical University in Prague in collaboration with 
JINR Dubna started operation. After ten years of operation, MT-22 was replaced by a new, chamberless microtron 
MT-25. In 2003, MT-25 was made over to the Nuclear Physics Institute, ASCR (NPI) and its modernization started 
aimed at upgrading microtron parameters such as the mean accelerated electron current, quality of the beam and 
irradiation fields, and attaining better long-run operation stability and reliability. MT-25 delivers highly monoenergetic 
electrons within the energy range 6 - 25 MeV with the maximum mean beam current 25 microA. Stable operation of 
MT-25 at a 20 μA mean electron current (at >20 MeV energy) started in 2006, and its utilization for PAA on a larger 
scale has been re-established. Several, mainly geochemical and cosmochemical studies have been carried out or are 
underway. Until recently, PAA analyses could be carried out only in the offline regime, i.e., in assay of elements 
providing by photoactivation radionuclides with sufficiently long half-lives. Currently, installation of an automated 
system for rapid sample transport between the beam position and detector in the short time, online irradiation regime is 
being completed which will provide substantial extension of the analytical range of IPAA. The system has been 
designed as a pneumatic tube system driven by three vacs and controlled by a commercially available modular 
programmable controller. The irradiation chamber has been designed as a rotation device with the axis of rotation 
perpendicular to the axis of the beam. The system enables special operations, such as multiple irradiation-counting 
cycles, counting sample either in a transport/irradiation vial or its manual removal from the vial before counting, etc. 
An important part of the system is a four-way switch (router) placed above a detector shielding.  

Operation of the microtron MT-25 has so far been controlled manually. For a routine operation, especially for repeated 
short-time irradiations, it is desirable to run microtron in a continuous stable regime with minimum fluctuations of the 
electron beam energy and current between irradiations of individual samples. Also for this purposes, a new fuzzy 
control system for the microtron MT 25 has been designed and optimized. The control system is based on a Mamdani-
type fuzzy regulator using an operator description and a mathematical model of the microtron. The system allows 
controlling the energy and the current of accelerated electrons at required values. The fuzzy controller was tested with 
the aid of the mathematical model with satisfactory results and its optimization was performed with the help of a 
genetic algorithm. The optimization was performed in two phases, the first one aimed at maximizing speed of the 
control process and minimizing the control error, and the second one at minimizing the control overshoot. A real 
control system has currently being tested with encouraging results.  

The work has been supported by the projects 13-27885S and P108/12/G108 of the Czech Science Foundation. 
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Concepts of oxidation number state of an atom in a molecule and related theories are extremely useful in chemistry. At 
the same time, a good (clear and unambiguous) definition of the state of an atom in a molecule does not exist. Various 
methods of determining it from calculations lead to different results [1]. Each of known definitions has its drawbacks. 
The methods based on the use of one-electron density matrices (Mulliken or Löwdin populations analyses, etc.) are 
basis set dependent. The methods that use the electron densities (Bader or Hirschfield charges, Voronoi cells), suggest 
introduction of some complementary (artificial) notions or partitioning a molecule (solid) on regions in a manner that 
is not arising from any of physical principles.  

There is a number of experimentally observed properties of compounds, depending on a distribution of the valence 
electron densities or their changes in the atomic core regions. They include chemical shifts of X-ray emission spectra 
[2], hyperfine structure constants, isotope (volume) shifts, etc. Earlier our group has developed a two-step method to 
calculate these properties through first-principle based electronic structure calculations within the generalized 
relativistic pseudopotential approximation followed by a posteriori restoration of the information on the wave 
functions in the atomic core regions that is missed in the results of pseudopotential calculations [3]. On the basis of this 
two-step method one can formulate an approach for determining the state of an atom in a molecule (compound). A 
radius Rc of the core region is determined by the smallness of interaction of valence electrons located within a sphere 
(r < Rc) with the external (chemical) environment (r > Rc) compared to their interaction with the nucleus and core 
electrons of a considered atom.  

Using the properties of proportionality of valence spinors in the atomic core region with the radius Rc [4], one 
introduce some new terms: "charges of partial waves" for valence electrons in the core region, "reduced population 
numbers" and one-center density matrices "reduced on the radial quantum number nr". It is shown that the above-
discussed properties characterized by the state of an atom in a compound rather than by chemical bonds are well 
described by only these terms. Results of calculations of the properties of atoms and molecules are presented.  

The work is supported by the SPbU Fundamental Science Research grant from Federal budget #0.38.652.2013 and 
RFBR grant #13-03-01307-a.  

 
[1] C.J.Cramer, Essentials of Computational Chemistry: Theories and Methods, (2002,Wiley).  
[2] Y. V. Lomachuk and A. V. Titov, Phys. Rev. A 88, 062511 (2013).  
[3] Titov A.V. et al., Int. J. Quant. Chem., 104(2), 223 (2005).  
[4] Titov A.V., Mosyagin N.S., Int. J. Quant. Chem., 71(5), 359 (1999). 
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Role of PE samples in the Laboratory Quality control is briefly discussed. Eckert & Ziegler Analytics (EZA) 
capabilities are outlined. New Fission products Mixture (FM) is introduced. This mixture of radionuclides represents 
real fission products resulted from the irradiation of natural or enriched Uranium with thermal neutrons. Analysis of 
this mixture is real challenge and it can be very valuable tool for training and proficiency testing. Fission mixture has 
several advantages over existing EZA activation/fission mixture:  

- FM contains same array of radionuclides as post-accident samples,  

- Over 20 isotopes with reasonable half-lives can be certified,  

- Liquid FM samples can test laboratory ability to handle samples properly prior to analysis. Improper sample 
container, preservation, storage conditions etc. can significantly alter analytical results.  

- Gamma spectrometry of this mixture requires extensive knowledge of the methodology and particularly the correct 
application of software used for gamma analysis. Analytical laboratory will need to: 

- analyze complex isotope mixture, properly identify isotopes using key gamma lines and correctly apply interferences,  

- properly apply coincidence summing corrections,  

- decay results for the reference date,  

- properly recognize and calculate parent/progeny pairs like Zr-95/Nb-95, I-132/Te-132, Mo-99/Tc-99 etc.,  

- identify additional radionuclides.  

- FM can be used to identify non gamma emitting radionuclides like Sr-89, Sr-90, Pu-239 etc. based on fission yields, 
nuclear reactions and irradiation conditions.  

Fission mixture samples can be delivered as liquid samples and other configurations like filters and cartridges. 
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Cr-51 is a radioactive isotope of chromium having a half-life of 27.7. The decay scheme indicates that 91 % of the 
time, Cr-51 decays by electron capture directly to the ground state of the V-51 and emitting no gamma rays at all. Only 
9 % of the time the Cr-51 decays directly to the excited state of the daughter (V-51m), which then further decays by 
isomeric transition to the ground state, emitting a 320 keV gamma ray during the process. At the present, Cr-51 is used 
in many application fields, in particular, in medicine, where, thanks to its chemical properties, Cr-51 has found to be an 
excellent tool for the labeling of red blood cells in order to measure of mass or volume, survival time, and 
sequestration studies, for the diagnosis of gastrointestinal bleeding, and to label platelets to study their survival [1]. 
Nowadays, for the determination of C-51 ac -spectrometry is 
applied [2]. In spite the fact that the method utilise almost no (or minimum) sample preparation steps, the careful 
attention for the calibration geometry should be paid. For instance, the calibration should be performed with the 
homogenised calibration standard (that is by blood samples is not always easy). On the other hand, the limit of 

-spectrometry (depending on the type of detectors) are normally in the range of 10 Bq/g and 
relatively long counting times are required. However for some clinical studies, where the incorporated doses are 
sometimes restricted, a method with better detection capability would be absolutely preferable. Because of the electron 
capture decays the Cr-51 could be also detected using the Liquid Scintillation Counting [3]. Due to its simplicity, 

-
spectrometry in order to determine the Cr-51 in blood samples. To prove this in the present study we developed a 
robust analytical method for measurement of Cr-51 in blood samples in routine mode by means of LSC. The method 
was validated with the synthetically prepared blood samples from different subjects. Prior to the measurements the 
samples were microwave digested in order to eliminate the matrix influence. The figures of merits, such as sensitivity, 
limits of detection and quantifications, precision and accuracy were studied and confirmed the capability of the method 
to determine the Cr-51 in blood samples in the range of 0,5 Bq per g of sample. All the results will be presented and 
discussed in details in the frame of current poster presentation.  

[1] Vandermeulen, E, et al. (2010). "Determination of optimal sampling times for a two blood sample clearance 
method using Cr-51-EDTA in cats ". Journal of Feline Medicina and Surgery 12: 577  
[2] Moreira D, et al. (2009). Determination of Cr-51 and Am-241 X-ray and gamma-ray emission probabilities per 
decay. Applied Radiation and Isotopes 68: 596.  
[3] Sheppard, G (1971), The Simultaneous measurements of Cr-51 and C-14 by Liquid Scintillation Counting 
International Journal of Applied Radiation and Isotopes, 22: 125 
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Modeling of electronic structure and properties of actinide compounds is of considerable importance for modern 
radiochemistry. However, reliable and accurate estimates are a great challenge for quantum chemistry of actinides due 
to strong relativistic and correlation effects in such compounds. A development of theoretical approaches to this 
problem will stimulate application of a number of experimental techniques of analytic chemistry such as the method of 
chemical shifts in X-ray emission spectroscopy (XES).  

We report application of the theoretical method of generalized relativistic effective core potential [1] followed by the 
method of one-center nonvariational restoration [2] of valence electron wave function in the vicinity of heavy atoms to 
calculation of different properties of compounds containing heavy elements including actinides. Basing on the 
developed atom-in-compound (AiC) concept we demonstrate a possibility to use XES to control a number of 
properties that are determined by the core region of valence wavefunction. We show its applicability to provide a 
unified tool for indirect and independent accuracy check of the evaluated AiC characteristics. This is of great 
importance to the cases where an experimental check is difficult or even impossible [3].  

The work is supported by the SPbU Fundamental Science Research grant from Federal budget #0.38.652.2013 and 
RFBR grant 13-03-01234-a. L.S. is also grateful to the President of RF grant no 5877.2014.2 and to the Dmitry Zimin 
``Dynasty'' Foundation 

.  
[1] N.S. Mosyagin, A.V. Zaitsevskii, and A.V. Titov, Rev. At. Mol. Phys. 1, 63 (2010). 
[2] A.V. Titov et al., Int. J. Quant. Chem., 104, 223 (2005).  
[3] L.V. Skripnikov, A.N. Petrov, A.V. Titov, J. Chem. Phys. 139, 221103 (2013). 
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Cross-linked hydrophilic co-polymers are candidates for use as phantom materials because they can be modified to 
have similar elemental compositions to that of body soft tissues. Co-polymers contain both hydrophobic and 
hydrophilic monomers; the molar ratio of which allows the water-uptake ability to be controlled. By controlling the 
hydration level, it may be possible to imitate various types and different disease stages of tissues, as well as the extent 
of tissue hypoxia. A series of experiments was carried out for different types of cross-linked hydrophilic co-polymers; 
hydroxyethyl methacrylate/Vinyl pyrrolidone (HEMA-VP) and methyl methacrylate/Vinyl pyrrolidone (MMA-VP) 
were hydrated by biological fluids with or without the reducing agent AnaeroGen to obtain hypoxic condition or 
normoxic condition; respectively. The relative yield of 3γ-to-2γ annihilation photons was determined using the 
positron emitter, Na-22, with a lanthanum bromide:Cerium (LaBr3:Ce[5 %]), scintillation detector. The peak-to-peak 
method was used to calculate the ratio of the full-energy photopeak area of the 511 keV annihilation obtained in the 
sample and the aluminium reference material. The Na-22 source used has a positron yield of 90.4 % and a gamma-ray 
energy at 1274 keV of relative intensity 99.9 %, emitted almost simultaneously. The energy resolution and the intrinsic 
photopeak efficiency figures for LaBr3:Ce were (3.37±0.08) % and (29.1±0.8) %, respectively for the 511 keV 
annihilation energy. The relative yield of 3γ-to-2γ annihilation photons was calculated and discussed in different 
hydrophilic co-polymers. 
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The so called in-situ radiotracer methods are widely used for the determination of charge- and mass transport on the 
liquid-solid interfaces. With these methods different phenomena can be investigated, such as adsorption, corrosion, 
contamination or decontamination. Each technique is based on the thin layer principle of Aniansson, which claims, that 
the adsorbed amount of a radioactive isotope with soft radiation can be measured with low background noise in case of 
proper cell arrangement.  

In the past decades several methods were developed to measure the adsorption phenomena of different beta and soft 
gamma emitting isotopes in-situ (36Cl, 35S, 32P, 51Cr, 110mAg, etc.), but none for the alpha emitters.  

The alpha radiation measurement technique is extensive, several measurement methods have been developed to 
measure both intensity and spectroscopic parameters. However, the existing methods are not capable to measure under 
in-situ conditions, most of them are presume vacuum technique, in which case a continuous contact with the solution is 
not possible.  

To determine the adsorption of alpha emitters under in-situ conditions on compact surfaces development of a new 
technique is necessary, which is the aim of this work.  

The main steps of the research and development project are:  

• Selection of the proper detection technique  

• Design a cell construction, which fits the Aniansson principle  

• Preparation of a high activity pure alpha source  

• Calibration of the cell  

• Determine the main equations  

• Measure the adsorption phenomena of different alpha emitting isotopes  

This research was supported by the European Union and the State of Hungary, co-financed by the European Social 
Fund in the framework of TÁMOP 4.2.4. A/2-11-1-2012-0001 ‘National Excellence Program’. 
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Radiocaesium is one of the most important radionuclides introduced into natural environment by human activity. In 
spite of its small concentration 137Cs and 134Cs may cause serious hazard in case of spread of fission products in the air 
or contamination water reservoirs. This risk is a result of high radioactivity and long decay time of mentioned 
radioisotopes. Decontamination of fresh or salty water needs special handling as a result of specific properties of 
caesium ions. Unlike to transition metals, caesium does not create insoluble precipitates and is weakly sorbed onto 
conventional cationic ion exchangers. Highly selective sorbents are used for that purposes. The most frequently used 
sorbents are titanates and silicotitanes, transition metal(II) hexacyanoferrates(II) and heteropolyacid salts. The minor 
role plays zeolites and natural organic sorbents.  

According to the Polish energy policy for the next two decades commissioning of two nuclear power plants is 
expected. In this poster a results of the determination of distribution coefficients of 134Cs from Baltic Sea water using 
commercially available and synthesised in a laboratory scale Cs-selective sorbents are presented. Comparison of these 
values may be important not only as an analytical purposes of radionuclide preconcentration, but also simulates 
decontamination of large volume salty water as a potential result of radioactive leakage. The research has been 
executed as a part of research task No. 8 „Study of processes occurring under regular operation of water circulation 
systems in nuclear power plants with suggested actions aimed at upgrade of nuclear safety" financed by the National 
Research and Development Centre in the framework of the strategic research project entitled „Technologies 
Supporting Development of Safe Nuclear Power Engineering”. 
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The crown-ether based SR Resin is frequently used for the separation and determination of Pb-210 in aqueous samples 
via liquid scintillation (LSC) or gas proportional counting (GPC). The resin only shows significant Pb (and Sr) 
retention at moderate to high acid concentrations; it does thus not allow for direct loading of Pb from acidified or raw 
water samples, making the additional use of pre-concentration steps such as ion exchange or co-precipitation 
necessary.  

In order to simplify and quicken the Pb-210 determination an extraction chromatographic resin (TK100 Resin) 
allowing the direct load of Pb from water samples and its subsequent purification on the same resin has been developed 
and characterized.  

The TK100 Resin is based on the crown-ether also used in the SR Resin; accordingly its selectivity and robustness 
against interferences from common matrix elements, such as e.g. Ca and Mg, are similar to that of the SR Resin. 
However, by including HDEHP into its composition Pb can now be extracted at a much wider range of pH conditions, 
i.e. pH £8. Conditions allowing the removal of other beta emitters (e.g. Sr-90, Bi-210, Y-90) from the resin, and for the 
final elution of Pb from the resin, have been identified.  

Elution studies have been performed with the resin in column form as well as in disc form, the latter having the 
advantage of allowing higher flow rates. It could be shown that Pb uptake was very high even at elevated flow rates 
(e.g. 10 mL/min for columns and 30 mL/min for discs). The new rapid method was tested on spiked tap water samples. 
Samples of up to 5 L were directly loaded onto the resin in column or filter geometry at elevated flow rates; Pb was 
retained on the resin, purified and finally eluted with high chemical yield and purity.  

The direct measurement of Pb-210 loaded discs by liquid scintillation counting is being evaluated in order to further 
speed up the method. 
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Low-energy X and γ radiations (for example of 210Pb: E γ = 46.5 keV) are effectively self-absorbed even in thin 
environmental samples, including air filters with captured dust or contaminated soil, as well as in bottom sediment 
matrixes with limited quantities of the samples. In this paper, a simple method for the direct analysis of 
210Pb (T 1/2 = 22.3 years) by gamma-ray spectrometry in environmental samples with self-absorption correction is 
described. The method is based on the comparison of two γ peak activities coming from other natural radionuclides, 
usually present in environmental samples. The analysis the dependence of the self-absorption correction factor for the 
210Pb activity on the activity ratios of 911 and 209 keV peaks and 609 and 295 keV peaks coming from nuclides of 238U 
or 232Th rows, present in typical environmental samples was done. Instrumental gamma spectrometry with HPGe 
detectors is usually applied for environmental radioactivity monitoring. The preferred method for the correcting of this 
effect is to use spiked or natural matrix reference materials.  

Commercially available radioactive standards allow us to establish the dependence of the detection efficiency versus 
the energy of c-photons in the wide energy range from 40 to 2,000 keV, for the fixed geometry (for example: 
cylindrical or Marinelli beaker and known chemical composition of the sample. However, several very important 
primordial and anthropogenic radionuclides occurring in the environmental samples emit low-energy photons in the 
range up to 200 keV, particularly: 210Pb—46.5 keV, 241Am—59 keV, 234Th (238U)—63.3 and 92.6 keV, 228Th—
84.8 keV,235U—140, 163 and 186 keV and 226Ra—186 keV. For these radionuclides one should take into account the 
occurrence of the self-absorption of soft c radiation in the measured samples, which strongly depends on the density, 
resultant atomic number—Z and geometry of the samples. Therefore, instrumental gamma ray spectrometry may 
require additional corrections for self-absorption of gamma rays, as environmental samples often differ in densities and 
composition from each other, and the offered calibration standard reference materials may have slightly different 
chemical compositions. Generally, two basic approaches have been applied for solving the problem of self-attenuation 
in volume samples: experimental and mathematical— using Monte Carlo simulations. Finally, a few computer 
programs have been developed for calculating the corrected detection efficiency for samples with a normalized shape 
with a known chemical composition (e.g. LabSOCS).  

In all solid environmental samples together with the very important 210Pb radionuclide there are other natural 
radionuclides. Some of them emmit at least one of the pair of photons with different energies. Simultaneous 
determination of the ratios of their c-line activities can be a valuable method for searching for small chemical changes 
in the examined matrixes. We have proved this for at least following radionuclides: 228Ac emitting with sufficient 
efficiency photons with energies 209 and 911 keV, or a pair of 214Pb–214Bi with gamma-ray energies of 252 and 
609 keV can be used for simultaneous self-absorption correction in the determination of the another soft-gamma 
emitter—210Pb. 
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Ionic liquids (ILs) are salts with a low melting point (below 100 °C) and they are composed of completely dissociated 
ions. ILs have many advantages and they are of growing interest in the field of green chemistry. Most of the commonly 
used ILs are composed of large organic cations and the basic compounds consist of e.g. imidazolium, pyridinium, 
pyrrolidinium, ammonium and phosphonium(1).  

Some of the unique properties of the most widely studied ILs include the large liquid temperature range, high thermal 
stability, electrical conductivity, and tunable physical properties. Especially the extraction of uranium by using ILs is 
of enduring interest in the literature as it may also be relevant to spent fuel reprocessing.(4,5)  

The presented work is part of a project dealing with purification processes for drinking water. The aim of our work was 
the extraction of Uranium, Radium and Polonium from aqueous solutions with an IL as well as its back extraction (Pb-
210 has not been taken into account here as it is removed together with stable lead). Especially the conventional anion 
exchange step for uranium separation from water (or other sample matrices) is very time consuming (pre-concentration 
and column chromatography), while the liquid-liquid extraction into an IL also takes its time, but can be done by 
automated systems. Investigations in our laboratory a few years ago demonstrated that extraction of uranium from 
water is possible with [A336][TS]2,3, tricaprylmethylammonium thiosalicylate. The ILs under investigation now are 
[A336][MTBA], tricaprylmethylammonium 2-(methylthio)benzoate, as well as [Mal][A336], [Thiom.][A336], 
[Mal][Cyphos], [Thiom.][Cyphos], [A336][Ant], [PR4][Ant], [A336][DBA], [PR4][DBA].  

Investigations were performed with an artificial uranyl nitrate solution of a known amount of uranium (e.g. a few μg U 
in 10 ml diluted nitric acid) and mixed with the respective ILs. After centrifugation the phases were separated and the 
aqueous phase was analysed by liquid scintillation counting (LSC) to ensure that the uranium was removed. 
Afterwards acids of different molarity or EDTA solutions were used for back extraction of uranium from the organic 
phase.  

For the investigation of the other nuclides, water samples with known amounts of Ra and Po were used (reference 
samples or mineral waters). For application in the field of drinking water purification we searched also for 
immobilisation of the ILs on a suitable backing material.  

Our goal is to find a new method to shorten and simplify the chemical procedure for the determination of radionuclides 
(especially uranium) in natural (water) samples as well as to look for a new purification method for drinking water 
supplies.  

[1] V. A. Cocalia, K. E. Gutowski, R. D. Rogers, Coordination Chemistry Reviews, 250, 2006, 755- 764.  
[2] Daniel Kogelnig, Anja Stojanovic, Markus Galanski, Michael Groessl, Franz Jirsa, Regina Krachler, Bernhard K. 
Keppler, Tetrahedron Letters 49, 2008, 2782-2785.  
[3] Michaela Srncik, D. Kogelnig, A. Stojanovic, W. Körner, R. Krachler, G. Wallner, Applied Radiation and Isotopes 
67, 2009, 2146-2149.  
[4] James E. Quinn, M.D. Ogden, K. Soldenhoff, Solvent Extraction and Ion Exchange 31, 2013, 538-549.  
[5] Dimitrios Tsaoulidis, V. Dore, P. Angeli, N.V. Plechkova, K.R. Seddon, Chemical Engineering Journal 227, 2013, 
151-157. 
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Flow analysis is considered an efficient and universal technique of analytical science. Its wide range of advantages as 
compared to other known techniques is the argument for its increasing use. Thus, there may be distinguished a simple 
apparatus construction, which provides low sample use, together with an opportunity to implement many measurement 
concepts which are not always possible to achieve with common laboratory methods. Generally, this is understood as a 
variety of system constructions which are adapted to the analysts’ ideas and can assure that a sample in the flow is 
processed chemically i.e. by derivatization, even by multistage reactions, and also physically, for example by sample 
preconcentration. Another facility of the flow analysis is its automation ability, which means a full control over the 
fluid flow, its volumes, flow rates and timing.  

The main objective of the study is to develop and apply flow systems based on MSFIA - LOV (Multi-syringe flow 
injection analysis—Lab-on-Valve) to radioanalysis of strontium-90 in reactor coolant samples. The initial stage of 
research is to optimize the method of mechanized processing of samples. What is worth to remark, is that the 
construction of the system has been miniaturized enough to allow all the processes of sample preparation to take place 
in a several centimeters big reaction valve (LOV). The analytical procedure included a couple of stages—firstly, the 
column in the LOV was loaded with Sr-resinTM and conditioned. In the further stages, a sample was injected and its 
proceeding—the separation and concentration—took place in the LOV. The proposed analytical procedure included 
also the elimination of interferences from the elements disturbing detection (with similar affinity to Sr-resin i.e. Ba and 
isobaric interferences of 90Sr) as well as from the elements present in the coolant (boric acid). The optimization of the 
process included: selection of the solution and its volume to elute the retained strontium on a column with Sr-resin, the 
selection and optimization of the solution volume for the elution of interfering elements. The results of optimization 
were checked by using inductively coupled plasma mass spectrometry (ICP MS).  

The wide scale of implementation of this technique to monitoring and determination of radionuclides is a promising 
idea esspecialy for continuous monitoring of radionuclides in the reactor coolant. 
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The aim of this research was to develop a method for pre-concentration of americium from operational radioactive 
waste for its determination. In these experiments, the attention was paid to separation of americium from boric acid 
containing evaporator concentrate coming from the Dukovany Nuclear Power Plant by an extraction chromatographic 
system, where extraction agent used was N,N,N’,N’-Tetraoctyl Diglycolamide (TODGA) incorporated in 
polyacrylonitrile (PAN) matrix. For the elution of retained americium, the oxalic acid solution was chosen. Eluted 
americium has been, subsequently, determined by alpha spectrometry. Alpha samples were prepared using constant 
current electrodeposition technique from oxalate-sulfate electrolyte.  

The system characterization consisted of several experiments. At first, the dependence of americium weight 
distribution ratios on pH (ranging between 1.5 and 5.5; adjusted with nitric acid solutions) for four different dilutions 
of evaporator concentrate was studied, as well as blank experiments where americium weight distribution ratios 
dependences on pH for every dilution curve were determined for sorption on polyacrylonitrile matrix itself. Next, 
kinetics of this process, capacity of the used solid phase extractant, and elution profile of americium stripped by oxalic 
acid and loaded from various solutions were determined. Also the extraction behavior of americium in presence of 
various anions (namely nitrates, sulfates, oxalates, citrates and chlorides) in scale which can occur in real samples was 
investigated. The parameters of the electrodeposition process were optimized in an independent series of experiments; 
the most effective parameters were applied for the alpha samples preparation. Effectiveness of the electrodeposition 
method was monitored by comparing with simultaneously used liquid scintillation counting (LSC) method.  

As a result of a kinetics study, it was found out that about 97 % of americium uptake has been reached after half an 
hour of phase contact. The study of americium elution from TODGA-PAN resin filled column of bed volume equal to 
0.24 mL, after its loading from the boric acid containing evaporator concentrate, revealed that almost all of the 
approximately 6 kBq of Am-241 loaded (97.43 ± 0.97 % or 98.26 ± 1.77 %, depending on the detection method used) 
could be eluted by about 1.7 mL of 0.25M oxalic acid solution. 
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Isotope of strontium 90Sr (one of the nuclear fission products with half-life 28.9 years) is well known for its 
biochemical similarity with calcium and possible consequent incorporation into human body. Main risk presents its 
daughter product 90Y (half-life 64.1 hours), which is a high energy β-emitter (Eβ,max = 2.28 MeV). That is why the 
development of fast and effective method of 90Sr determination or monitoring is ongoing last 50 years and it is still one 
of the important topics. Hence, current demands call for advanced and less time-consuming methods for 90Sr 
determination. Main aim of this research was focused on the 90Sr determination in simulant solutions of environmental 
samples without the necessity to wait for the equilibrium with 90Y. This approach is crucial for the development of 
rapid method of 90Sr determination in environmental samples. Activity of 90Sr was measured through its daughter 
product 90Y using Cherenkov counting on HIDEX 300 SL and TRIATHLER (both Hidex Oy, Finland) liquid 
scintillation counters. Two type of samples were used for measurement. The Cherenkov radiation was measured from 
samples containing equilibrium amount of 90Y or from samples where 90Y growth is observed. A set of solutions with 
different diffraction indexes and set with different wavelength shifters for increasing Cherenkov radiation 
yield/detection was studied. It was find out that composition of the solution strongly affects measured background and 
hence further optimization of the sample content and parameters measurement is necessary. The activity obtained via 
Cherenkov counting were compared and verified using liquid scintillation counting of 90Sr, similar comparison was 
done between Triathler (1-photomultiplier) and HIDEX 300 SL (3-photomultipliers, TDCR) measurements. 
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Various nuclear activation techniques have been developed and applied to determine the elemental composition of 
calcified tissues (teeth and bones). Fluorine was determined by prompt gamma activation analysis through the 
19 16O reaction. Carbon was measured by activation analysis with He-3 ions, and the technique of Proton-
Induced X-¬ray Emission (PIXE) was applied to simultaneously determine Ca, P, and trace elements in well-
documented teeth. Dental hard tissues: enamel, dentine, cementum, and their junctions, as well as different parts of the 
same tissue, were examined separately. Furthermore, using a Proton Micro-probe, we measured the surface distribution 
of F and other elements on and around carious lesions on the enamel. The depth profiles of F, and other elements, were 
also measured right up to the amelo-dentin junction. A new technique has been developed for studying the depth 
profiles of F in teeth, non-destructively, to larger depths than hitherto known. It is further shown that using this 
technique depth profile of any element/isotope can be determined non-destructively as long as the reaction cross 
sections of the particular nuclear reaction are available.  

Some results on the microscopic spatial distributions of various elements in kidney stones, using the powerful 
technique of Laser-Ablation Inductively-Coupled Plasma Mass Spectrometry (La-ICP-MS) are also presented. 
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Sr-90 and Tc-99 are produced by the fission of U-235. Information on Sr, Tc and other fission and activation product 
content in the primary coolant and at various locations in the purification system can be of considerable value in 
assessing fuel integrity and performance of purification system component. Using inductively coupled plasma mass 
spectrometry (ICP-MS) for long-lived radionuclides improves detection limit and accuracy. However, in accurate 
measurements by ICP-MS method, the contribution of isobaric interferences from atomic- and molecular ions created 
by plasma gas and/or solvent used should be defined and appropriate ways of their elimination should be introduced. 
Also, to obtain accurate results in trace and ultra-trace analysis of Tc-99 and Sr-90, optimatization of measurements is 
necessary. In this work, the influence of different parameters (eg. sample flow rate, nebulizer type) on the strontium 
and technetium measurements have been taken into account. Acknowledgments:  

Research task No. 8 „Study of processes occurring under regular operation of water circulation systems in nuclear 
power plants with suggested actions aimed at upgrade of nuclear safety" partly financed by the National Research and 
Development Centre in the framework of the strategic research project entitled „Technologies Supporting 
Development of Safe Nuclear Power Engineering”. 
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Phytoremediation is a procedure that uses plants to remove contaminants from the environment and it is a better option 
of recovery technique because of its cost-effectiveness and environmentally friendly especially for hyperaccumulator 
plants. Since heavy metals such as lead (Pb) and mercury (Hg) have limited bioavailability in the soil, methods to 
facilitate their transport to the shoots and roots of plant are required for efficient phytoremediation. The objective of 
this study was to investigate the effects of adding different heavy metal-tolerant bacterial inoculums (Brevundimonas 
diminuta SF-S1-5 and Alcaligenes faecalis SF-S1-60) on Pb and Hg accumulation in the shoots and roots of Scirpus 
mucronatus. The experiment was done in a greenhouse by planting acclimatized S. mucronatus in crates (52 cm length 

 30 cm width  25 cm height) with 30 kg sand and spiked with 100 ppm Pb and 1 ppm Hg, separately. The bacterial 
inoculums were added into the soil and the plants were watered using tap water to ensure the growth. The plants and 
sand samples were collected on day 1, 7, 14, 28 and 42, and the heavy metals in plant samples were extracted by using 
wet digestion method. The total concentration of Pb and Hg in samples was analyzed using Inductively Coupled 
Plasma-Mass Spectrometry(ICP-MS) and Atomic Absorption Spectrometer (AAS), respectively, and the 
phytoextraction ability was assessed in terms of its metal transfer factors; bioaccumulation factor (BAC), 
bioconcentration factor (BCF) and translocation factor (TF). Experimental results showed that after 42 days of 
treatment, the highest accumulation of Pb in shoot (265.8 ± 47.3 mg/kg-1 dryweight) was found in control plant (no 
addition of bacteria), while in root (697.2 ± 8.5 mg/kg-1dryweight) was found in plant inoculated with A. faecalis SF-
S1-60. On the other hand, the highest accumulation of Hg (2.21 ± 0.08 and 5.71 ± 0.31 mg/kg-1 dryweight in plant 
shoot and root, respectively) were obtained in plant inoculated with A. faecalis SF-S1-60. In addition, plant inoculated 
with A. faecalis SF-60 showed the highest BAC and BCF values, and the lowest TF value compared to plant 
inoculated with B. diminuta SF-S1-5 and the control plant. This suggests that A. faecalis SF-60 can be utilized as an 
enhancer for accumulation of Pb and Hg in soil by S. mucronatus. 
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Fast, simple and effective method for determination of enrichment/depletion of uranium samples that can be used not 
only in the laboratory but also for unknown samples at inspections outdoors, it is for longer time in insistent demand of 
specialists. The technique of liquid scintillation counting (LSC) in the mobile mode represented by Triathler LSC 
Counter (Hidex Oy) could be a valuable tool for this type of measurement. Application (usage) of this equipment 
allows several advantages: determination of enrichment/depletion under off-road conditions, combination of alpha, 
beta and Cherenkov counting (gives a complete picture required), milligram or even sub-milligram amounts of the 
sample (comparing e.g. to gamma-ray spectrometry), and easy preparation of the sample by mixing of U-salt with 
scintillation cocktail (comparing to e.g. alfa-spectrometry).  

The method can be used as the final step of suitable separation/concentration method. The method was also adjusted as 
a task for students in “Practical exercises in radiochemistry techniques” in the educational programme “BSc in Nuclear 
Chemical Engineering”. 
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A combination of different types of instrumental neutron activation analysis (INAA) technique was developed for the 
determination of iodine in various food items from Ghana [1]. The methods involved conventional INAA, epithermal 
INAA (EINAA), pseudo-cyclic INAA (PC-INAA) and pseudo-cyclic EINAA (PC-EINAA) in conjunction with 
conventional and anti-coincidence (AC) gamma-ray spectrometry using both single comparator and k0 standardization 
methods. The uncertainties associated with these methods were evaluated following ISO GUM procedures. The 
trueness of the methods were checked by analyzing several reference materials (RM) and standard reference materials 
(SRM) provided by the U.S. National Institute of Standards and Technology (NIST). Our results were in good 
agreement with the certified values. The expanded uncertainties associated with the measurement of iodine levels in 
NIST RM 8415 Whole Egg Powder by a PC-EINAA-AC method using the single comparator and k0 standardization 
procedures will be presented. The expanded uncertainty (κ = 2, ~95 % CL) of 1.81 ±0.48 was obtained for the k0 
procedure compared to that of 1.85 ±0.22 for the single comparator procedure. The value for the k0 procedure appears 
to be slightly influenced by the uncertainties in the nuclear constants and detector full photopeak efficiency 
determination.  

Reference  
[1] B.J.B. Nyarko, Ph.D Thesis, University of Cape Coast, Cape Coast, Ghana (2007) 
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In this paper we present the results of determination of element concentrations in biological, environmental samples by 
using PGNAA facility which was installed at channel No. 4 of Dalat research reactor. The biological standard samples, 
Bovine Liver NBS 1577a and Rye Grass BCR 281 and environmental standard samples, Coal Fly Ash NBS 1633a 
were analyzed to verify the analytical ability of the facility. After that, the concentrations of C, N, S, K, Cl in 
biological samples and concentration of Al, K, Ti, Mn, Fe, Ca, Gd, Sm, Cd and Si in environmental samples were 
determined. The detection limits of the above elements were also investigated.  
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Long-lived isotopes of superheavy elements (SHE) beyond Rf, i.e., with atomic number Z ≥ 104 can be produced via 
fusion reactions between heavy actinide targets and neutron-rich projectiles at a rate of only single atoms per minute 
(Z = 104) or per week (Z = 114). Investigating these neutron-rich SHE nuclei using rapid gas-chemical separation and 
subsequent on-line detection provides an independent chemical characterization and an alternative separation 
technique to electromagnetic recoil separators. Approaching the heaviest elements, the coupling of chemistry setups to 
a recoil separator promises extremely high sensitivity due to strong suppression of background from unwanted species. 
The use of a combination of two separation techniques, physical pre-separation and gas phase chemistry opens the 
possibility for investigating new compound classes of superheavy elements [1,2].  

Electron shells of SHE are influenced by strong relativistic effects caused by the high value of Z. The lighter 
transactinides with Z = 104-108 were experimentally shown to be members of groups 4 through 8 of the Periodic 
Table of the elements [3]. Early atomic calculations predicted copernicium (Cn, element 112) and flerovium (Fl, 
element 114) to be noble gas-like due to the strong relativistic stabilization of the closed-shell configuration 6d107s2 in 
Cn, and the very large spin-orbit splitting in 7p AOs resulting in the quasi-closed-shell configuration 7s27p1/2

2 in Fl [4]. 
Recent fully relativistic calculations studying Cn and Fl in different environments suggest those to be less reactive 
compared to their lighter homologues in the group, but still exhibiting metallic character [5]. The dilemma whether Cn 
and Fl are noble gases or rather noble metals calls for experiments. Experimental gas-chromatography studies on Cn 
have, indeed, revealed a metal-metal bond formation with gold [6]. In contrast to this, for Fl, the unexpected formation 
of a weak physisorption bond upon adsorption on gold was inferred from first experiments [7]. The recent gas 
chromatography study on Fl upon the adsorption on gold was performed exploiting clean Fl samples, provided after 
the pre-separation with the gas-filled separator TASCA [8]. Two Fl decay chains were detected under background-free 
conditions. The observed behavior of Fl in the chromatography column is indicative of Fl being less reactive than the 
nearest homolog Pb. The evaluated lower limit of the adsorption enthalpy −ΔHads(Fl) > 48 kJ/mol (95 % confidence 
level) reveals the formation of a metal-metal bond with Au, which is at least as strong as that of Cn, and thus 
demonstrates the metallic character of Fl [9].  

In other experiments, a first molecule of a compound class, which was previously inaccessible for superheavy 
elements, was recently investigated. The adsorption behavior of Sg(CO)6 was studied by gas-solid chromatography in 
comparison with that of its nearest homologs in the group, Mo and W [10-12].  

References  
[1] Ch E. Düllmann et al., Nucl. Instr. Meth. A 2005, 551, 528–539. 
[2] Ch.E. Düllmann et al., Radiochim. Acta 2009, 97, 403-418.  
[3] A. Türler and V. Pershina, Chem. Rev. 2013, 113, 1237−1312.  
[4] K.S. Pitzer. J. Chem. Phys. 63, 1032 (1975).  
[5] V. Pershina et al. J. Chem. Phys. 131, 084713 (2009).  
[6] R. Eichler et al. Angew. Chem, Int. Ed. 47, 3262-3266 (2008).  
[7] R. Eichler et al. Radiochim. Acta 98, 133-139 (2010).  
[8] A. Semchenkov et al. NIM B 266, 4153-4161 (2008). [9] A. Yakushev et al. Submitted to Inorg. Chem., 2013.  
[10] J. Even, et al., Inorg.Chem. 2012, 51, 6431-6422.  
[11] J. Even, et al. Submitted to Radiochim. Acta, 2013..  
[12] J. Even et al., to be submitted to Science. 
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Recent experiments at RIKEN (Japan) showed that Sg carbonyl (Sg(CO)6) can be produced with yields high enough 
for experimental investigation of its chemical properties [1]. According to theoretical calculations [2], which include 
so-called relativistic effects, Sg(CO)6 is expected to be slightly more stable than W(CO)6. In this work we aimed at 
designing an experimental setup for testing this theoretical prediction.  

Carbonyl complexes of W and Mo, as lighter homologues of Sg, were chosen for testing the setup. Gas-jet systems as 
well as the detection system used in our work are described in [1]. Two alpha-active tungsten isotopes were produced 
in fusion-evaporation reactions 144Sm(24Mg,xn)163-164W, while natZn(24Mg,xn)87-88W allowed for formation of β+-
decaying molybdenum. The Gas-filled Recoil Ion Separator (GARIS) provided an effective separation of evaporation 
residues from the beam and from multinucleon transfer reaction products. Evaporation residues were thermalized in a 
recoil transfer chamber [3], flushed by a He/CO gas mixture. Formed carbonyl products [4] were transported to a 
decomposition column, held at different temperatures, and bypassed by a column of the same size made of PFA 
Teflon. Complexes transported through this bypass or the decomposition column were deposited at the low-
temperature end of the COMPACT detector [1] according to their adsorption enthalpy and thus provided quantitative 
information about the production and the decomposition rates, respectively. Obtained results are discussed in the light 
of future experiments with Sg(CO)6.  

[1] J. Even et al., in preparation , and A. Yakushev, presentation at this conference.  
[2] C. S. Nash and B. E. Bursten, J. Am. Chem. Soc. 121, 10830-10831 (1999).  
[3] J. Even et al., Nucl. Instrum. Meth. A 638, 157-164 (2011).  
[4] J. Even et al., Inorg.Chem. 2012, 51, 6431-6422. 
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Transactinide’s chemical behavior is similar to their lighter homologues in the corresponding group of the periodic 
table. However, with increasing nuclear charges, superheavy elements (SHE) show deviations from the periodicity of 
chemical properties [1]. An experimentally exceptionally favourable case for comparative studies is the possibility of a 
simultaneous production of Cn (Z = 112) and Fl (Z = 114) in Ca-48 induced nuclear fusion reactions with Pu-242 / Pu-
244 [2]. Since these superheavy elements are characterized by short half-lives and low production rates, their chemical 
behavior has to be explored on a single atomic scale. For this purpose gas chromatography is used, allowing for 
efficient studies of the interaction of volatile gas-phase species with stationary surfaces [1]. Sulphur was chosen as 
stationary chromatography material for such a comparative studies. In fact, extrapolative predictions, in which 
thermochemical state functions are correlated mutually, showed that both Cn and Fl may form stable sulfides, and 
since the stability trends of sulfides formation in group 12 and 14 were predicted to be opposite, FlS was expected to 
be more stable than CnS. In preparation of the chemical investigations of these superheavy elements, isothermal model 
experiments with Hg (copernicium homologue) and sulfur surfaces were conducted. Although the formation of HgS(s) 
is thermodynamically favored (ΔHadsHg(S) < -75 kJ/mol), it was difficult to obtain reproducible results due to the slow 
interaction kinetics between the sulfur S8 rings (dominant sulfur allotrope at room temperature), and Hg.  

Recent studies reported amorphous nano-selenium as an efficient mercury sorbent, due to the high affinity of Se 
towards Hg and the high surface-to-mass ratios of the nanoparticles [3]. Hence, extrapolative predictions for the group 
12 and 14 selenide formation were done. Again, stability trends in group 12 and 14 are predicted to be opposite: the 
formation of FlSe is expected to be favored or at least similar to the homologue selenides, while the interaction 
between Cn and selenium is expected to be a weak physisorption. The chemical system Hg / Se is an ideal model 
system to investigate the kinetics and thermodynamics of the adsorption and reaction of a volatile noble metal with 
selenium surfaces. Hence, first model experiments on the interaction of elemental Hg with red amorphous selenium 
surfaces, obtained through supercooling of high temperature Se vapors on quartz tubes, were performed.  

Here, first results from these investigations will be presented. Some conclusions will be drawn, which are important for 
the preparation of further chemical investigations of Cn and Fl.  

[1] M. Schädel in “The chemistry of Superheavy Elements” 2-d ed., Springer (2014).  
[2] Yu.Ts. Oganessian, J. Phys. G: Nucl. Part. Phys. 34, R165 (2007).  
[3] N. Ralston, Nature Nanotech. 9, 527 (2008). 
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Recently, chemical characterization of superheavy elements (SHEs) with atomic numbers Z ≥ 104 is an extremely 
interesting and challenging research subject in modern nuclear and radiochemistry [1,2]. At RIKEN, we have been 
developing a gas-jet transport system coupled to the RIKEN gas-filled recoil ion separator GARIS as a novel technique 
for SHE chemistry [3–5]. This system is a promising approach for exploring new frontiers in SHE chemistry; (i) 
background radioactivities originating from unwanted by-products are strongly suppressed, (ii) an intense primary 
heavy-ion beam is absent in the gas-jet chamber and hence a high gas-jet yield is achieved, and (iii) the beam-free 
conditions also make it possible to investigate new chemical reactions. In this work, we investigated production and 
decay properties of long-lived radioisotopes of Rf (Z = 104), Db (Z = 105), and Sg (Z = 106) available for chemical 
studies [6–9]. Oxygen-18, 19F, and 22Ne beams were extracted from the RIKEN linear accelerator. The isotopes of 
261Rfa,b, 262Db, and 265Sga,b were produced in the reactions of 248Cm(18O,5n)261Rfa,b, 248Cm(19F,5n)262Db, and 
248Cm(22Ne,5n)265Sga,b, respectively. The evaporation residues of interest were separated in flight from the beam 
particles and the majority of the nuclear transfer products by GARIS and were guided to a gas-jet chamber at the focal 
plane of GARIS. The evaporation residues were then thermalized in He gas, attached to KCl aerosol particles, and 
were extracted through a Teflon capillary to the chemistry laboratory. Alpha and spontaneous fission (SF) decays of 
261Rfa,b, 262Db, and 265Sga,b were measured with the rotating wheel apparatus MANON under low background 
conditions. In the conference, perspectives of the next-generation SHE chemistry opened by GARIS will be also 
presented.  

References  
[1] M. Schädel, Angew. Chem. Int. Ed. 45, 368 (2006).  
[2] A. Türler and V. Pershina, Chem. Rev. 113, 1237 (2013).  
[3] H. Haba et al., J. Nucl. Radiochem. Sci. 8, 55 (2007).  
[4] H. Haba et al., Eur. Phys. J. D 45, 81 (2007).  
[5] H. Haba et al., J. Nucl. Radiochem. Sci. 9, 27 (2008).  
[6] H. Haba et al., Chem. Lett. 38, 426 (2009).  
[7] H. Haba et al., Phys. Rev. C 83, 034602 (2011).  
[8] H. Haba et al., Phys. Rev. C 85, 024611 (2012).  
[9] H. Haba et al., Phys. Rev. C (in press). 
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Rutherfordium-261 (261aRf; T1/2 = 68s) has been used in chemical studies of element 104, Rf [1]. In recent years, it was 
reported that there exists a spontaneously-fissioning (SF) isomer (261bRf; T1/2 = 2.6 s) in 261Rf [2-6]. On the other hand, 
a SF isomer with the similar half-life of 2.1 s also had been reported as 262Rf (T1/2 = 47 ms) [7,8]. It is possible that 
these two SF isomers are the same and one of these is misassigned. In this work, the excitation functions of Rf isotopes 
in the 248Cm + 18O reaction were measured to clarify the ambiguity on the assignment of the fissioning isomers in 
261,262Rf [9]. Rutherfordium isotopes were produced by bombarding the 248Cm target with an 18O beam supplied from 
the RIKEN linear accelerator. The beam energies were 88.2, 90.2, 94.8, and 101.3 MeV at the center of the target. A 
gas-filled recoil ion separator (GARIS) was used to separate the evaporation residues (ERs) in-flight from the incident 
particles and majority of by-products. ERs were then implanted into a position-sensitive Si strip detector mounted at 
the focal plane of GARIS. The beam on-off method was applied to measure the decay events of Rf isotopes under low 
background conditions. At each beam energy, beam on-off periods were set to 6 s-6 s and 0.1 s-0.1 s. The shape of the 
measured excitation function of 261aRf agreed with the previously reported one [10]. The excitation function of a-few-
second SF nuclide exhibited the maximum cross section at 94.8MeV, and the shape of the excitation function was 
almost the same as that of 261aRf. On the other hand, short-lived SF decays were observed at 88.2 MeV and 101.3 MeV, 
and they were assigned to 262Rf and 260Rf, respectively. Such the short-lived SF decay was not observed at 94.8 MeV. 
Therefore, we concluded that a-few-second SF nuclide previously assigned to both 261bRf and 262Rf is not 262Rf but 
261bRf.  

References  
[1] M. Schädel, Angew. Chem. Int. Ed. 45, 368 (2006).  
[2] S. Hofmann et al., Eur. Phys. J. A 14, 147 (2002).  
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The discovery of new superheavy elements with Z = 113-118 in 48Ca induced nuclear reactions was one of the most 
outstanding scientific achievement of the last decade. The long halflives of radionuclides of these elements extend the 
application of radiochemical techniques to their chemical characterization and to test the hypothesis about the impact 
of so-called "relativistic effects" on the chemical properties of superheavy elements [1]. According to Periodic Table 
element 113 belongs to group 13and its ground state electronic structure is [Rn]5f146d107s27p1 (i.e. homolog of Tl). 
Modern relativistic calculations predict weak adsorption on inert surfaces due to strong contraction and stabilization of 
surface 7 p1/2 orbital(adsorption enthalpy on Teflon is 14 kJ/mol, and on polyethylene 16 kJ/mol) [2]. At the same time 
due to relativistic stabilization 7p1/2 and high spin-orbital splitting of 7p element 113 has to easily be adsorbed (in 
H2/He) on Au surface (adsorption enthalpy is - 158.6 kJ/mol) [1]. Taking this into consideration we studied a gas 
chromatography of the given upwards theoretical predictions of element 113 properties, its adsorption of element 113 
on a Au surface was studied compared to Hg and At (similar as in the case of Cn and Fl [3, 4]).  

The reaction 48Ca + 243Am was used to produce nuclides 288115 and its daughter 284113 [5]. Nuclear reaction 
products were stopped in a He / Ar gas mixture and atoms of volatile elements were transported by the gas jet through 
a Teflon capillary to chromatography column. Gas chromatographic column is a two-detector system consisting of Si 
detectors covered with gold. First detector operated at room temperature (20 °C) and the second one with a temperature 
gradient from +20 °C to -60 °C. A total of five chains of 284113 was detected in the first isothermal detector. 
Adsorption enthalpy of element 113 on gold surfaces is comparable with that of mercury, which indicates that element 
113 is a volatile metal and weakly interacts with inert surfaces. The probabilities for a random origin are 7.6 10e-3, 
6.6 10e-5, 2 10e-4, 6.7 10e-10, 5.7 10e-6 calculated using Poisson distribution [6].Direct formation of nuclide 284113 
in irradiation of 243Am with 48Ca in multi-nucleon transfer reactions (18 protons and 23 neutrons) is virtually 
impossible. From this we can deduce that isotopes of 113-111-109-107-105 elements detected in the experiment are 
daughters of mother nuclide 288115 synthesized in a reaction 243Am(48Ca,3n). The work was supported by Russian 
Foundation for Fundamental Research (project code 13-03-12205 ofi-m).  
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Investigation of chemical and physical properties of the heaviest elements (those beyond Lr) is a hot topic since several 
decades. In this time period, many new elements were discovered and after a proper characterization were added to the 
Periodic Table of the elements. The main problem of such investigations, however, is the rather short half-life of these 
elements, which requires the development of innovative experimental techniques. Nowadays the research focusses on 
the chemical properties of the element 114. So far, two gas chromatography experiments to study the interaction 
strength of element 114 with a gold surface have been performed with conflicting results. One experiment [1] reported 
a weak interaction of element 114 with a gold surface, leading to adsorption only at very low temperatures of 
approximately -90 °C, while in the second experiment [2] adsorption on gold has been observed at the room 
temperature, indicating a much stronger bond between element 114 and gold. To resolve this conflict, further 
experiments on chemical properties of the element 114 will be performed at GSI and PSI/JINR in the next two years. 
For theoretical studies, standard quantum-mechanical packages that treat a system mostly non- or only scalar-
relativistically are not satisfactory: Due to rather significant relativistic effects on the electron shells of the heaviest 
elements a fully-relativistic four-component description is required.  

Recently, we have studied the adsorption behavior of elements 112, Cn, and 114 and their lighter homologues Hg and 
Pb, respectively, on gold surfaces [3] by using a cluster-approach [4]. We found that Hg/Cn and Pb/114 prefer different 
adsorption sites. Also, the adsorption energies of elements 112 and 114 are related to those of their lighter homologues 
in a different way. Thus, Eb(Cn) is only slightly (0.1-0.2 eV) lower than Eb(Hg), while Eb(114) is much lower 
(1.4 eV) than Eb(Pb). This is due to the fact, that in element 112 both the relativistically stabilized 7s and destabilized 
6d AOs take part in the binding, while for element 114 binding is mostly determined by the relativistically stabilized 
7p1/2 orbital. In contrast to Pb, where 6p3/2 strongly contributes to the surface bond, the 7p3/2 participate much less due 
to its large relativistic destabilization (the spin-orbit splitting between 7p1/2 and 7p372 is about 3.5 eV). Furthermore, 
binding of element 114 to gold is similar to that of Cn, however, about 0.2 eV stronger. Our predicted sequence in the 
Eb values is Cn < Hg < E114 << Pb. Thus, we predicted that in the thermochromatography experiments, element 114 
will adsorb right at the beginning of the chromatography column with the hot end of 35 °C, at the position of Hg. This 
prediction was recently confirmed experimentally [2].  

In this talk we will present theoretical results on adsorption energies and distances of the elements from 112 to 114 and 
their homologues on metal (gold) and inert (SiO2) surfaces.  

Acknowledgment: J.A. gratefully acknowledges the support by the Deutsche Forschungsgemeinschaft (DFG) and 
BMBF.  
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The results of relativistic electronic structure calculations on simple molecules of higher oxides (actinide oxidation 
state VI through VIII), peroxides, and superoxides of Pu, Am, and Cm are reported. The calculations employed 
accurate “small-core” two-component pseudopotentials derived from the outer (valence) shell solutions of the atomic 
Dirac–Fock–Breit equations with the Fermi nuclear model; the optimal description of the valence (rather than 
semicore) shells appears essential for reproducing the chemical properties. The molecular semicore/valence many-
electron problem was solved by the two-component non-collinear relativistic DFT technique with the fully unrestricted 
optimization of Kohn–Sham one-electron spinors expanded in weakly contracted Gaussian basis sets; the bases were 
optimized for spin-orbit-coupled calculations. Ground-state equilibrium structures, vibrational frequencies and charge 
and spin magnetization density distributions were analyzed in order to characterize the different isomers in chemical 
terms.  

The stability of higher oxidation states in oxygen compounds rapidly decreases from Pu to Am and further to Cm. All 
“true” An tetroxides (An = Pu, Am, Cm), were predicted to be thermodynamically unstable in realistic gas-phase 
conditions with respect to the decay into lower oxides (An2O6 or An2O7) and molecular oxygen as well as to the 
conversion into dioxosuperoxides [AnO2](O2) which appear to be the most stable An·4O species in all cases. Structural 
and magnetization-density features of the tetroxides indicate that Pu and Am are octavalent while Cm is only 
hexavalent. No structural similarities between higher oxides of Pu-Am and Os-Ir was found. A variety of bis-dioxygen 
species of different nature (An(O2)2, [AnO2](O2)2) is discussed. The stability of some heterooxide molecules (PuAmO6 
and especially PuAmO7) with respect to the transformation to the mixture of the corresponding pure oxides is noticed. 
Implications for the chemistry of the transuranium element – oxygen systems and the identification of volatile An-
oxygen compounds are discussed.  

The work is partially supported by the RFBR (grant # 13-03-01234). Thanks are due to Prof. C. van Wüllen for 
providing us with his relativistic DFT code. The calculations were performed at MCC NRC “Kurchatov Institute” 
(http://computing.kiae.ru/). 
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Increased knowledge of actinide coordination chemistry and the development of advanced actinide separation 
processes are essential to reducing the radiotoxicity of used nuclear fuel. Commercial separation techniques for nuclear 
fuel (i.e. PUREX) selectively remove U(VI) and Pu(IV) from the other components, while the minor actinides, e.g. Np 
and Am, are not extracted. However, these four mid-actinides (U, Np, Pu, Am) all have highly accessible oxidation 
states (+V, +VI) at which they exist as linear dioxo actinyl ions [AnO2]n+. The An = O bonds are incredibly stable, 
permitting ligand coordination in the equatorial plane of the metal ion center and affording a geometry for unique 
bonding characteristics. Tetradentate Schiff bases can be prepared with synthetic ease and have been used extensively 
in the area of metal ion coordination chemistry. These ligands have rather planar structures that chelate around the 
equatorial plane of actinyl ions through their N(2)O(2) binding site, presenting the possibility that this distinct 
coordination environment may facilitate the selective solvent extraction or aqueous retention of pentavalent and 
hexavalent actinides. We have synthesized multiple organic and water soluble Schiff base ligands, of the salen and 
salophen type, and have conducted complexation and solvent extraction experiments with UO2

2+ and NpO2+, as 
representative actinyl ions. Preliminary results indicate that salen-based ligands show promise for extracting uranium 
from nitrate media, while a water soluble salen and a lipophilic di-t-butyl-salophen are the most promising in providing 
crystallized structures with UO2

2+ and NpO2+. Ongoing studies of these ligands in our laboratories will help to further 
define possible methods for used nuclear fuel separations. 
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The comprehension of the actinides affinity for interest ligands has been a pivotal issue since the beginning of the 
nuclear fuel reprocessing. The difference in interaction between N-donors ligands and O-donor ligands is a hint on the 
selectivity difference between trivalent and tetravalent actinides(1). The study of molecules featuring both N and O-
donor functions may be a way to reach a better understanding. Thus, the poly-amino-carboxylate ligands form an 
interesting family of f-element cations chelating agents. One specific ligand has been selected for this study: the 
DOTA macrocycle (1,4,7,10-tetraazacyclododecane-tetraacetic acid).  

This molecule has been widely studied with lanthanides(2), but few investigations have been carried out with actinides. 
The main goal of this work is to extend the investigations to the complexing behavior of DOTA with An(III) and 
An(IV) in aqueous solution. In order to achieve it our methodology will consist in a twofold approach, combining 
experimental studies with modeling calculations. Americium(III) and plutonium(III) have been selected to represent 
the An(III) series, while thorium(IV) and neptunium(IV) have been chosen to represent the An(IV) series. Besides the 
conventional analytical techniques (UV-Vis spectrophotometry, NMR and ESI-MS), the systems have been monitored 
with X-ray absorption spectroscopy (EXAFS) to determine the stoichiometry of the complexes, identify the ligand 
complexing sites and probe the coordination sphere of the cation.  

The experimental EXAFS spectra are compared to models obtained thanks to quantum chemistry calculations. The 
experiments proved DOTA forms complexes with both An(III) and An(IV). Complexation of An(III) is similar to what 
has been observed with Ln(III) i.e. the slow formation of a (1:1) complex(2,3). At t0+ε, the reaction first leads to the 
formation of an intermediate species where the cation is complexed by the carboxylate arms only. Then, the system 
slowly evolves towards the final species and the cation eventually gets inside the cage formed by the N-cycle and the 
carboxylate arms.  

In equivalent chemical conditions, Np(IV) behaves as the An(III): the cation also ends up inside the cage. However, 
Th(IV) does not present the same behavior, as we see no significant participation of the N-ring in the coordination 
sphere (no intense signal on the EXAFS spectrum of an M-N bond at ca. 2.4 Å.  

The differences in coordination mode regarding the An(III)-DOTA and An(IV)-DOTA systems will be discussed: 
stoichiometry, participation of the complexing sites and distances to the metallic center. The evolution over time of the 
formed species will be considered.  

References:  
[1] Thakur, P., Pathak, P.N. and Choppin, G.R. (2009) Complexation thermodynamics and the formation of the binary 
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of high ionic strength. Inorg. Chim. Acta, 362, 179-184.  
[2] Moreau, J., Guillon, E., Pierrard, J.-C., Rimbault, J., Port, M. and Aplincourt, M. (2004) Complexing Mechanism 
of the Lanthanide Cations Eu3+, Gd3+, and Tb3+ with 1,4,7,10-Tetrakis(carboxymethyl)-1,4,7,10-
tetraazacyclododecane (dota)—Characterization of Three Successive Complexing Phases: Study of the 
Thermodynamic and Structural Properties of the Complexes by Potentiometry, Luminescence Spectroscopy, and 
EXAFS. Chemistry – A European Journal, 10, 5218-5232.  
[3] Toth, E., Brucher, E., Lazar, I. and Toth, I. (1994) Kinetics of Formation and Dissociation of Lanthanide(III)-
DOTA Complexes. Inorg. Chem., 33, 4070-4076. 
  



CHEMISTRY OF ACTINIDE AND TRANS-ACTINIDE ELEMENTS - VERBAL 

191 

TAN-V11, (Id: 337) 
ON THE ORIGIN OF SELECTIVITY OF BIS-TRIAZINYL BIPYRIDINE LIGANDS FOR COMPLEXATION 
OF AMERICIUM(III) OVER LANTHANIDES. QUANTUM MECHANICAL ANALYSIS OF M–N BONDS 

Jerzy Narbutta, Artur Wodynskib, Magdalena Peculb 
aInstitute of Nuclear Chemistry and Technology 
bDepartment of Chemistry, University of Warsaw, 02-093 Warsaw, Poland 
j.narbutt@ichtj.waw.pl 

 
Selective separation of actinide elements from highly radioactive nuclear waste is the key issue for modern 
technologies of nuclear waste reprocessing. Partitioning of long-lived minor actinides, in particular americium, 
followed by their transmutation into short-lived and stable nuclides would lead to a significant reduction of long-term 
environmental hazard from this radiotoxic waste, and contribute to the development of safe nuclear power. Derivatives 
of 6,6’-bis([1,2,4]-triazin-3-yl)-2,2’-bipyridine (BTBP), the tetra-N-dentate lipophilic ligands which selectively extract 
trivalent actinides (An) over lanthanide fission products (Ln) from nitric acid solutions (modeling PUREX raffinate) to 
organic solvents (SANEX process), have been considered the most promising species for partitioning the minor 
actinides from high-level nuclear waste.  

Recent theoretical studies, carried out on two pairs of americium and europium complexes formed by the BTBP 
ligands, neutral [ML(NO3)3] and cationic [ML2]3+ where M = AmIII or EuIII, and L = 6,6’-bis-(5,6-diethyl-1,2,4-
triazin-3-yl)-2,2’-bipyridine (C2-BTBP) [J. Narbutt, W.P. Oziminski, Dalton Trans. 41, 14416 (2012)], have shown 
that greater thermodynamic stability (in water) of the Am-L complexes than that of the analogous Eu species, caused 
by greater covalencies of the Am–N than Eu–N bonds, is the main reason of BTBP selectivity in the separation of 
these metal ions.  

Theoretical analysis of Am–N and Eu–N bonds in the BTBP complexes was carried out in this work, with the use of 
one-component Zeroth Order Regular Approximation (ZORA) Hamiltonian and Kohn-Sham density functional theory. 
Kohn-Sham orbitals were analyzed with Natural Population Analysis (NPA), Mulliken Population Analysis, Second 
Order Perturbation Theory (SOPT) implemented for Natural Bond Orbitals (NBO) and Symetrized Fragments Orbitals 
(SFO) with overlap populations density-of-states (OPDOS). Electron density was analyzed with The Quantum Theory 
of Atoms in Molecules (QTAIM). The QTAIM analysis for the bond critical points (BCP) confirms mostly ionic 
character of M-N bonds with slightly bigger covalent contribution for the Am-N than Eu-N bonds. This is due to a 
bigger charge transfer from the ligand to the Am than Eu ion, in particular to the 6d(Am) and 5d(Eu) orbitals. The 
results of the SOPT method show that the greater shift of electron density on the 6d(Am) orbitals is due to the large 
overlap integrals of 6d(Am) with the ligand donor orbitals, not to the smaller energy gap. This is in line with the 
calculated greater radial expansion of the 6d(Am) than 5d(Eu). The OPDOS coupled with the SFOs has shown that 
outermost occupied MOs as well as inner MOs are involved in the M-N interactions.  

This work was financed from the National Centre for Research and Development through the Strategic Program 
Technologies Supporting Development of Safe Nuclear Power Engineering, task 4: Development of spent nuclear fuel 
and radioactive waste management techniques and technologies. 
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UTILIZATION OF TECHNETIUM AND ACTINIDE COMPOUND SYNTHESIS AND COORDINATION 
CHEMISTRY FOR THE NUCLEAR FUEL CYCLE: EXPLORING SEPARATIONS, FUELS, AND WASTE 
FORMS 
Kenneth Czerwinski, William Kerlin, Erik Johnstone, Frederic Poineau 

University of Nevada, Las Vegas 
czerwin2@unlv.nevada.edu 

 
Compared to other elements on the periodic table, technetium and the actinides are less explored, especially in areas of 
compound synthesis and coordination chemistry. The nuclear fuel cycle offers opportunities to investigate fundamental 
and applied technetium and actinide chemistry in more detail, with fundamental complexation chemistry providing 
insight into waste forms, fuels, and separations. Examples are given for technetium and actinide solution and solid 
phases, with the coordination chemistry explored by spectroscopy and diffraction. An overview on technetium waste 
forms is provided, highlighting the need for fundamental information on this element to improved synthetic routes and 
understand resulting behavior. The thermal and hydrothemal based synthesis of technetium compounds is described. 
Spectroscopic and diffraction results are provided. Trends in the products from computation [1] and experiment are 
discussed, emphasizing the role of technetium-technetium interaction with oxidation state change. For waste forms, 
low valent or metallic phase formation demonstrates enhanced inter-technetium interactions which grants the resulting 
compounds resistance to corrosion or limits solubility.  

Development of advanced fuels can leverage innovative synthetic techniques that are utilized in the laboratory and 
non-nuclear industry. In particular methods that use novel reactions with common starting materials can be applied to 
produce fuels with suitable attributes for advanced fuel cycles. An example is provided based on the formation of 
uranium mononitride from dinitride starting material [2]. Uranium dinitride is air stable and can be produced from 
oxide starting material. Uranium dinitride pellets can be formed in air and then sintered under inert atmosphere to 
produce uranium mononitride. The unique method for the nitride synthesis can be coupled with established sintering 
techniques to produce fuel. These waste form and fuel illustrations exemplify the utility synthesis reactions can play in 
the future fuel cycles. Solution based separation of trivalent lanthanides from Am and Cm is also provided as an 
example of the utility of speciation and coordination chemistry in the nuclear fuel cycle. Soft donor ligands such as 
dithiophosphinic acids and bis-1,2,4-triazinylpyridine/bipyridine (BTP/BTBP) derivatives show significant separation 
selectivity. Many of these ligands are limited by poor stability, constrained working pH range, solubility in suitable 
solvents, and competition from counter anions. Various triazinyl and bis-triazinylpridine (H, Methyl, Ethyl, Pyridyl 
and Phenyl) derivatives have been synthesized and their complexation with Eu3+, Tb3+ and Cm3+ by time resolved laser 
fluorescence spectroscopy presented. The solvent is found to play a significant role in the complexation behavior and 
resulting speciation and coordination. In the acetonitrile medium, the complexes contain one ligand molecule per metal 
ion. Spectroscopic signatures change to ML3 species in methanol medium. For hard acceptors acetonitrile is known to 
be less solvating as compared to methanol. The Eu3+ ion, being a hard cation, is less solvated by acetonitrile and the 
nitrate counter anion strongly binds with it and the BTP molecules. When the Eu(III) complex of Py-BTP was prepared 
in acetonitrile medium, the single crystal XRD result shows that it acts as a tetra-dentate ligand with the stoichiometry 
Eu(Py-BTP)(NO3)3 resulting in 10 coordinated Eu(III) ion. The overall results show the utility of radioelement 
speciation, compound synthesis, and coordination chemistry in expanding general chemistry knowledge and the 
development of applications exploiting radionuclide synthesis, speciation, and coordination chemistry.  

[1] Weck, P.F., et. al Inorg. Chem. 48(14), 6555-6558 (2009).  
[2] Yeamans, C.B.,et.al J. Nucl. Mat. 347, 75-78 (2008). 
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SOLID STATE DIFFUSION INTERACTIONS OF METALLIC URANIUM WITH TECHNETIUM 
Daniel Koury, Frederic Poineau, Ken Czerwinski, Erik Johnstone 
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dan@physics.unlv.edu 

 
In metallic nuclear fuels, uranium will interact with fission products formed at higher burn-ups. Understanding the 
binary interactions between components is helpful in building a description of the overall system consisting of fuel and 
fission products. Many of the fission product metals are easy to obtain and study in reactions with metallic depleted 
uranium to simulate conditions in an active metallic nuclear fuel. Technetium is a major fission product (~ 6 % from 
235U) and very little is known about its interaction with uranium: only one phase has been identified (i.e., U2Tc) and no 
Tc-U binary phase diagram is reported. In this study, the interaction between metallic uranium and technetium at 
elevated temperature has been investigated. Discs of uranium and technetium were prepared into a couple and heat 
treated at 1023 K for 120 h. After treatment, the couple was analyzed by Electron Microscopy and the U2Tc phase was 
identified. In order to better understand the physico-chemistry of binary alloys of uranium with transition metals, discs 
consisting of uranium with molybdenum, rhenium and ruthenium were prepared, heat treated at 1023 K and analyzed 
by Electron Microscopy. 
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APPLICATION OF MULTI-STEP EXCITATION SCHEMES FOR DETECTION OF ACTINIDES AND 
LANTHANIDES IN SOLUTIONS BY LASER SPECROSCOPY 

Igor Izosimov 

JINR 
izig@mail.ru 

 
Development of laser spectroscopy with tunable lasers gives rise to new procedures for detection of trace amounts of 
various substances in various media. A possibility to tune a wavelength of laser radiation allows selective action on 
certain atoms and molecules and, hence, selective detection of these species [1]. The practical application of laser 
spectroscopy to analysis of different samples is confronted with one essential difficulty, namely the element to be 
detected must be permanently located in the area of interaction with laser radiation. Therefore the use of solutions of 
the substances to be analyzed is the most attractive from the practical standpoint. When the pulse (1ns) UV radiation 
produced by nitrogen laser is used for lanthanide and actinide excitation in solutions the UV radiation is absorbed with 
different impurity molecules and as a consequence the background radiation is increased. Using short laser pulses for 
excitation of molecules and ions in liquids and time resolution for registration of luminescence or chemiluminescence 
produced by actinide and lanthanide ions we can separate target signals from short-lived background luminescence [1]. 
Selective excitation of detectable molecules can additionally decrease the intensity of background radiation.  

In addition, UV radiation is absorbed with chemiluminogen (luminol in our experiments) molecules, which makes 
difficult interpretation of the results. Therefore a key problem of chemiluminescence application to detection of 
lanthanides and actinides in solutions is an increase in the selectivity of detection. Appropriate selectivity of lanthanide 
or actinide excitation can be reached by initiation of transitions within 4f- or 5f-electron shell, which correspond to 
visible spectral range of absorbed laser radiation. Since the energy of one-quantum excitation in visible range may be 
insufficient for initiation of chemiluminescence it was proposed to excite lanthanide and actinide ion by multi-quantum 
absorption of visible light [1-3].  

The use of laser radiation with tunable wavelength allows selective excitation of actinide or lanthanide species with 
subsequent registration of luminescence or chemiluminescence. The details of multi-step 
luminescence/chemiluminescence excitation in solutions are considered. It is shown that a multi-step scheme of 
luminescence/chemiluminescence excitation increase both the sensitivity and selectivity of lanthanide and actinide 
detection.  

References  
[1] Izosimov I.N., Phys. Part. Nucl. 38, 177 (2007).  
[2] Gorshkov N.G., Izosimov I.N., Mikhalev V.A. et al., Radiochemistry. 6, 525 (2012).  
[3] Izosimov I.N., Firsin N.G., Gorshkov N.G. et al., Joint Institute for Nuclear Research, Preprint E6-2013-37. Dubna 
(2013). 
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INVERSE QUENCHING EFFECT OF EXCITED U(VI) IONS BY EU(III) IONS IN AQUEOUS SOLUTIONS 
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This talk will focus on energy transfer phenomena between hexavalent uranium (U) ions (U(VI)) and trivalent 
europium ions (Eu(III)). In the literature on this subject [1-3], the interaction between U(VI) and Eu(III) was explained 
as intramolecular energy transfer from excited U(VI) to Eu(III), and thus, the strong quenching of the luminescence of 
excited U(VI) by Eu(III) was observed. Because these earlier works were performed at relatively high U(VI) 
concentrations on the order of a few tens mM using conventional spectrofluorimetry, the precipitation of U(VI) at high 
pH values and the inner filter effect may interrupt the measurement of luminescence of U(VI).  

In this work, the time-resolved laser luminescence spectroscopy was adopted to verify the quenching effect of excited 
U(VI) by Eu(III) at relatively low U concentrations on the order of a few microM. Two types of uranium materials, 
dissolved U species in aqueous solutions and adsorbed U species onto a silica surface, were prepared with a solution 
pH range of 4-7. For both U materials, it is apparent that energy transfer between U(VI) and Eu(III) involves the 
formation of a hetero-polynuclear complex between the hydrolytic U(VI) and Eu(III) species. The new results 
observed in this work are as follows: (1) the (UO2)3(OH)5+ hydrolytic compound is the major species taking part in the 
energy transfer process, (2) the first rising part appeared in the luminescence signal waveform of Eu(III) implies direct 
evidence of energy transfer process from U(VI) to Eu(III), and (3) the negative quenching effect of U(VI) by Eu(III) 
ions, which represents the enhancement of luminescence of U(VI) with increasing Eu(III) concentration, was observed 
in aqueous solutions and the reason can be understood in terms of enhanced absorbance of U(VI) for a hetero-
polynuclear complex. A similar negative quenching effect of U(VI) by trivalent terbium ions was observed in acidic 
solutions [4]. Characteristic features on the luminescence and absorption spectra for this complex will be discussed.  

 
[1] J.L. Kropp, J. Chem, Phys. 46 (1967) 843-847.  
[2] B.D. Joshi, A.G.I. Dalvi, T.R. Bangia, J. Luminescen. 10 (1975) 261-266.  
[3] S.P. Tanner, A.R. Vargenas, Inorg. Chem. 20 (1981) 4384-4386.  
[4] T. Yamamura, Z. Fazekas, M. Harada, H. Tomiyasu, Phys. Chem. Chem. Phys. 1 (1999) 3491-3496. 
  



CHEMISTRY OF ACTINIDE AND TRANS-ACTINIDE ELEMENTS - VERBAL 

196 

TAN-V16, (Id: 150) 
SPECTROPHOTOMETRIC AND TRLFS SPECIATION STUDY OF UO2

(2+) - CHO4
(2-) – H2O (Ch = S, Se) 

SYSTEM 

Jakub Visnak, Jakub Kuba 
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This experimental study seeks for stability constants m, absorption Zmλ and fluorescence Zmλ spectra (including 
fluorescence lifetimes m) for the individual species of the general formula [UO2(ChO4)n]2-2n (n  {0; 1; 2; 3}), specific 
ion interaction theory parameters (i,j) between uran-containing species and the most dominantly present ions (Na+, 
ClO4

-, ChO4
2-, HChO4

-) and their temperature dependence (for which the H° for all present complex species is 
derived). Our study was done by preparing of several series of solutions (solutions differing by total sulfate/selenate 
concentration within the series and by total uranium concentration, pH and ionic strength between different series), 
measurement of the spectra (UV-VIS abs., TRLFS) and subsequent multilinear analysis (based on Singular Value 
Decomposition, Parallel Factor Analysis, …). The obtained results are compared with the previously measured data 
(our TRLFS spectra for uranyl-selenate complex species were, however, in the time of the abstract submission novel) 
and quantum chemical (ab initio and DFT) study, which part is presented on RadChem 2014 as well. 
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TAN-P01, (Id: 4) 
UO2, NpO2 AND PuO2 PREPARATION IN AQUEOUS NITRATE SOLUTIONS IN THE PRESENCE OF 
HYDRAZINE HYDRATE 
Yury Kulyako, Sergey Perevalov, Trofim Trofimov, Dmitriy Malikov, Sergey Vinokurov, Maxim Samsonov, 
Boris Myasoedov 
Vernadsky Institute RAS 
 kulyako@geokhi.ru  

 
Modern nuclear power engineering is focused on the use of fast neutron reactors (FNR). These reactors run on the 
mixed uranium-plutonium oxide fuel (MOX) and allow one both to use weapon-grade plutonium as a fuel and to 
transmute formed long-lived actinide isotopes. In this connection there arises the problem of a creation of 
economically effective and environmentally acceptable technology of the MOX fuel production. The separation 
technologies of U and Pu from spent nuclear fuel (SNF) complete nitrates forms of these elements. As a rule, uranium 
and plutonium are isolated from the solutions by ammonia and oxalate precipitation, respectively. Isolated compounds 
are used for the production of powders of uranium and plutonium dioxides or nitrides for MOX fuel synthesis. For 
example powders of the mixed oxides are produced by precipitation from the solutions of mixtures of ammonium 
diuranate and plutonium hydroxide or by combined co-precipitation ammonium uranylplutonyl carbonates followed by 
filtration, drying and ignition of the compounds obtained at 800 °C under reducing conditions of argon-hydrogen 
atmosphere. The disadvantages are obvious - the complexity of the implementation and the multi-stage processes. The 
development of new technologies for MOX fuel involves fixing the problem of denitration of actinides aqueous 
solutions. There exist the methods of direct denitration and by using reagents. Gaseous hydrogen, formaldehyde, 
formic acid, urea, sugar, ethyl alcohol et al. are used in the methods of reagent denitration.  

This work presents data on thermal denitration of U, Np, Pu solutions by hydrazine hydrate to produce individual and 
mixed oxides of these elements. Simple and effective method of preparation of homogeneously mixed U, Np and Pu 
dioxides from aqueous nitrate solutions containing a mixture of the actinides was developed. The method is to use a 
thermal denitration of solutions of U, Np and Pu nitrates in the presence of hydrazine hydrate to obtain hydrated 
dioxides of these elements. It was established that the UO2.nH2O calcination results:  

• crystalline UO2 under inert or reducing conditions in the range of 280-800 °C;  

• UO3 in air atmosphere at 440 °C;  

• U3O8 at 570-800 °С.  

It was shown that thermolysis of the solution containing a mixture of uranium, neptunium and plutonium nitrates at 
90 °C in the presence of hydrazine hydrate allows one to prepare hydrated dioxides (U, Np, Pu)O2.nH2O which on 
heating to ~300 °C transmogrify into crystalline (U, Np, Pu)O2 solid solution. 
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A QUANTUM CHEMICAL STUDY ON THE ACTINIDES TRIFLATES An(OTf)n WHERE (An = Th, U, Np, 
Pu, Am, Cm, Bk AND No ); n = (3, 4) 

Nadia Ouddai 
univ Hadj-Lakhdar batna Algeria 
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The actinides triflates are formed from a central metal that relates to the ligands (CF3SO3

-). The transition metal 
triflates (trifluoromethanesulfonates) are much considered as Lewis acid catalysts in a variety of organic reactions, as 
well as precursors in inorganic and organometallic synthesis. In coordination chemistry, the selective complexation of 
actinides (ш) over lanthanides (ш) with efficient extractant molecules is an important problem for both its fundamental 
aspects and its applications, in particular in the partitioning of spent nuclear fuels.  

We carry out a quantum calculation based on the density functional theory (DFT) of the actinide triflates complexes. 
Our aim is to study the structural proprieties changes of these complexes geometries. Furthermore we report the 
computational study on An(OTf)n where (An = Th, U, Np, Pu, Am, Cm, Bk and No ); n = (3, 4).  

The quantum calculation DFT proved that the trigonal prismatic geometry is favored for all the studied actinide 
complexes of the general formula An(OTf)3 where ( An = Th, U, Np, Pu, Am, Cm, Bk and No ) so as by the lanthanide 
triflate complexes; where the trigonal prismatic geometry is most distorted in the case of triflate thorium Th(OTf)3 and 
almost perfect in the case of U(OTf)3. The OTf group is bonded to the central metal An as a bidentate ligand with a 
number of coordination equal to six.  

For the An(OTF)4 where ( An = Th, U and Pu), the optimized geometry results showed a dodecahedron geometry. 
Differences in the structural parameters (bond, lengths and angles) can be attributed partly to the nature of the metal 
atoms and the structural arrangement of the studied compounds. Keywords: actinide- triflate- catalyst- DFT- trigonal 
prismatic. 
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THE REDUCTION OF Pu(IV) BY CARBOHYDRAZIDE IN AQUEOUS SOLUTIONS AND IN TWO-PHASE 
SYSTEM WITH TRIBUTYL PHOSPHATE 
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Lyubov Podrezovaa 
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At present, as one of the promising methods of preparation Pu and Np ions valences in aqueous SNF reprocessing 
technology, a method using organic reagents (substituted hydrazine, hydroxylamine and carbamide, oximes, etc.) is 
considered. Many of these compounds reduce Pu (IV) and Np (VI) ions quickly and also are effective stabilizers of 
formed Pu (III) and Np (V) ions in a nitric acid solution, thus eliminating the use of traditional antinitrite reagent - salt 
forming hydrazine nitrate. The report the results of applying one of these compounds - carbohydrazide (CO(N2H3)2) 
for Pu (IV) ions reduction.  

The kinetics of Pu (IV) reduction by carbohydrazide in aqueous nitric acid solution was investigated using UV-Vis 
spectrophotometry. It is found that within the concentration range of [HNO3] = 0,5-2,0 mol/l and [CO(N2H3)2] = 0,05-
0,2 mol/l the reaction rate is proportional to the concentration of Pu (IV) and carbohydrazide. The reaction rate 
decreases with increasing of HNO3 concentration and increases with the growth of the solution temperature. Activation 
energy of the reaction was calculated 78,7 kJ/mole. Based on the kinetic data, assumptions were made concerning the 
possible mechanism of the reaction under investigation. The specific reaction rate and the activation energy of the 
studied reaction were compared with the same values for the reactions of between Pu (IV) and other organic hydrazine 
substituted. Reduction of Pu(IV) by сarbohydrazide in two-phase system (30 % TBP in isopar-M / aqueous nitric acid 
solution containing Pu(IV)) was studied. It is shown that the efficiencies of plutonium back-extraction from the TBP 
solution increases with the presence of aminoacetic acid (glycine, NH2CH2COOH) in the stripping solution, and under 
optimum conditions exceeds 99 %.  

The possibility of carbohydrazide and glycine mixture applying for concentrating back-extraction of plutonium 
demonstrates the experiment performed on the laboratory facility of centrifugal extractors using a synthetic solution 
under conditions of the 1st extraction cycle of the irradiated nuclear fuel VVER-1000 reprocessing. 
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MECHANISM OF ADDITION-FRAGMENTATION REACTION OF THIOCARBONYLS COMPOUNDS IN 
FREE RADICAL POLYMERIZATION. A DFT STUDY 
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In the present study we analyze the reaction mechanisms involved by Xanthates (SA(C@S)AO) and Thiocarbonates 

 (OA(C@S)AO) compounds in a reversible addition fragmentation chain transfer (RAFT) polymerization. For the 
purpose, theoretical calculations have been performed by means of density functional theory (DFT), using the B3LYP, 
M06, CAM-B3LYP, LC-xPBE exchange correlation functionals and 6-31G⁄ basis sets. Thanks to the transition state 
theory, the rates of addition and fragmentation reactions were obtained. It is shown that, for these systems, the 
fragmentation step is more selective than the addition step, and that the range-separated functionals give results close 
to the experimental trends. 
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SYNTHESIS AND STUDY OF LITHIUM TRIURANATE Li2U3O10.6H2O 
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In this work, a method of synthesis of lithium triuranate hexahydrate Li2U3O10 6H2O is described. The chemical and 
functional composition of this compound has been investigated; its crystallographic characteristics have been 
determined; the state of Н2О and its role in the formation of the structure have been studied. Synthesis of the 
investigated compound is а reaction of shoepita UO3•2.25H2O with aqueous solution of lithium nitrate under 
hydrothermal conditions at 200 °C. The synthesized lithium triuranate hexahydrate is an easily reproducible individual 
crystalline compound. The X-ray diffraction picture contains a series of reflections from planes with indices which, in 
combination with an intense reflection peak at 2θ = 12.04°, indicate a typical layered structure of the triuranate. For 
evaluation of its functional composition of Li2U3O10 6H2O, we have performed the IR spectroscopic research. The 
spectrum contains two groups of vibrations associated with Н2О and uranyl group. The vibrations of Н2О are very 
characteristic. The band of δ(Н2О) vibrations at 1620 cm–1 is not split. Due to the participation of Н2О molecules in the 
formation of the branched system of H-bonds, the bands of vibrations νs and νas represented in the spectra by a broad 
and intense band with faint maxima at 3511 and 3414 cm–1 . On the whole, all Н2О molecules in the IR spectrum of 
Li2U3O10 6H2O retain their vibrational identity. The vibrations of the uranyl group are represented in the spectrum by 
the only band νas at 917 cm–1, which is typical for the seven-fold coordination of uranium(VI) in its uranium–oxygen 
polyhedron. The absence of the band allows us to consider the uranyl group as having a linear and the equal-shoulder 
configuration. To specify the state of Н2О in Li2U3O10 6H2O and to estimate its position in the structure, we have 
performed thermographic study. According to the first effect in the DTA curve at 162°С, the elimination of four Н2О 
molecules per Li2U3O10•6H2O formula unit proceeds in a single stage. The elimination of the two additional Н2О 
molecules also proceeds in a single stage, but at a higher temperature 393°С. The dehydration process is completed at 
393°С by the total destruction of the crystal structure and the transition into the amorphous state. The crystallization of 
Li2U3O10 over wide time and temperature ranges occurs above 393 °C. 
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SYNTHESIS AND RESEARCH OF THE HYDRATED OXIDE U(VI) WITH GENERAL FORMULA 
UO3•2.25H2O 
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A new method of synthesis of schoepite [(UO2)8O2(OH)12](H2O)12(UO3•2.25H2O) has been proposed in this work. 
Dehydration process of the synthesized compound has been studied, the state and role of H2O in the structure has been 
established by mean of high-temperature X-ray diffraction, IR spectroscopy and thermography. The transformation 
processes of schoepite in other forms of the hydrated oxide U(VI) have been investigated.  

The individual crystalline phases of schoepite were synthesized by the two stages process. Earlier UO4•2H2O was 
prepared and decomposed into UO3 at 200°С. Thereafter this freshly obtained uranium (VI) oxide was hydrated by 
water vapor at 100°С.  

An IR spectroscopic study was carried out in order to evaluate the functional group composition, the state of H2O 
molecules and the state hydroxide groups in the structure of schoepite. The IR spectrum of UO3•2.25H2O contains 
three groups of absorption bands. Among these bands there are vibrations of H2O molecules, UO-H group and uranyl 
bonds. In schoepite all H2O molecules forms two types of H-bonds. First type of bonds is formed by the interaction of 
H2O molecules with each other. Interlayer H2O molecules and hydroxide groups, which are included in the structure of 
layer, interact and form other type of H-bond. The average intensity pick of ν (UO-H) appears in the spectrums at 3356 
сm-1. Corresponding bands of δ (U-O-H) vibrations are intensive ones at 997 сm-1.  

For detailed determination of the schoepite structure and its resistance to high temperatures, a thermographic 
investigation has been carried out. Two Н2О molecules is removed [(UO2)8O2(OH)12](H2O)12 in one stage according to 
the first endotherm effect at 80–116°С. A new crystalline phase of meta-schoepite [(UO2)8O2(OH)12]•(H2O)10 is 
formed as a result of these processes. This compound is stable at room temperature. The process of the meta-schoepite 
thermal decomposition occurs in one stage according to the second endotherm effect in the temperature range of 118–
156°С. The dehydration product ([(UO2)8O2•(OH)12](H2O)2) could not be obtained as the individual phase, because 
two Н2О molecules per formula unit of the compound are insufficiently for binding of the layers in the stable 
formation. At intermediate values of from 2 to 10 compound [(UO2)8•O2(OH)12](H2O)n should be regarded as a 
crystalline phase of variable composition, related to the class of solid solutions with different content of molecular 
water. The dehydration product with formula [(UO2)8O2(OH)12](H2O)2 (UO3•H2O) isomerizes in to α-modification of 
uranyl hydroxide α-UO2(OH)2. The condensation of hydroxide groups in α-UO2(OH)2 and formation UO3 occurs at the 
third endotherm effect at 289–361°С. This oxide decomposes to U3O8 at 500°С.  

Thus schoepite, meta-schoepite and uranyl hydroxide contain the similar structure units such as Н2О molecules, uranyl 
and hydroxide groups. Different combination of these structural units is a reason of existence of a variety of chemical 
forms of UO3•nH2O. 
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The state of uranyl vanadates with formula Ak(VUO6)k.H2O (Ak –elements of the I-III groups of Periodic system) was 
investigated in aqueous solutions. The study of these compounds are interested because of their low soluble in aqueous 
solutions and the compounds are likely to form at the contact with the nuclear waste in the environment, therefore 
Ak(VUO6)k.nH2O can be used to bind uranium. Thereby it is necessary to investigate the state, stability, solubility, 
conversion of uranyl vanadates in aqueous solutions.  

It is shown that pH has the most significant impact on the state of uranyl vanadates in heterogeneous water-salt 
systems. The pH of the aqueous solution defines the range pH of uranium existence, the type and solubility of the 
secondary phases. On the whole, it was established that uranyl vanadates are inconvertible at the contact with the 
aqueous solutions in the wide acid-base range. Their structure and composition preserve in heterogeneous water-salt 
systems at pH from 1-2 to 11-12. Out of the pointed interval the structure of uranyl vanadates destructs and compounds 
with another composition and structure form and are in the equilibrium to the aqueous solution. A type of formed 
compounds depends on pH. In acidic media at pH ≤ 1-2 initial compounds convert into the amorphous V2O5. At pH > 
11-12 the equilibrium solid do not contain Ak(VUO6)k.nH2O and consist of the Ak(OH)2 and Na2U2O7 mixture.  

The solubility products were calculated using the solubility data of the system for the pH intervals, where uranyl 
vanadates saved their composition and structure. The type of interlayer atom do not significant influence on the 
solubility of compounds. The solubility of Ak(VUO6)k.nH2O has been determined, it changes on the several orders 
from 10-6 – 10-8М in the subalkali solutions to 10-2 - 10-3M in the acid and the strongly alkaline media. It was 
established that the solubility products values for all investigated compounds decrease according to the interlayer 
atoms radius increasing. The solubility products allow to calculate the thermodynamic functions of the heterogeneous 
system components, to plot speciation diagrams of uranium (VI) and vanadium (V) in the aqueous solution and solid 
phases. The solid phase and aqueous solutions diagrams and solubility curves of uranyl vanadates at the range pH 0-14 
were plotted. This research makes it possible to use experimental data to solve practical problems, and allows to obtain 
the important information about the state of the saturated aqueous solutions and the secondary phases of studied 
heterogeneous systems in the isobaric-isothermal conditions. 
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This theoretical study of several possible complex species of the general formula ([UO2(H2O)a( 1-SO4)b( 2-SO4)c]2-

2(b+c), 0 ≤ b + c ≤ 4, 5 ≤ a + b + 2c ≤ 6, [UO2(H2O) 2 ( 1-SO4)( 2-SO4)]2- depicted at the Fig. 1.) aspires to the theoretical 
prediction of stability constants °, thermodynamical properties (i.e. G° and H°) and their dependance on the 
temperature. Equilibrium geometries in the ground state and several excited electronic states, vibrational modes and 
frequencies, moments of inertia, vertical transition energies important to the UV-VIS absorption, excitation and 
emission/fluorescence spectra were calculated as well. Our study is also the first step towards the molecular-dynamical 
study searching seeking for another approach to predict G°, H° and log ° and, more importantly, to predict the 
fluorescence lifetimes (or more generaly - the TRLFS spectra) and their dependance on the temperature and ionic 
strength (or, more generaly - the solution composition). The comparison of all of the ab initio predicted and 
experimentally obtained quantities is included. Both, the purely ab initio methods based on the Dirac(-Breit) equation 
(DHF, MCDHF, KRCI, CCSD) and the density functional methods (DFT (b3-lyp/def-SVP), TDDFT (bh-lyp/def-
SVP)) were used. This work tries to reproduce and further develop the study of uranyl-sulfates done by Jakub Šebera 
[1]. 
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Element 106, seaborgium (Sg) is a group-6 element with the lighter homologs tungsten (W) and molybdenum (Mo). 
The homologs have several stable oxidation states in aqueous solutions. Therefore, one can empirically expect that Sg 
should exhibit similar properties. In addition, theoretical estimates of redox potentials of group-6 elements show that 
Sg can be reduced from the most stable hexavalent state to a lower oxidation state [1]. The aim of the present study is 
to find a suitable chemical extraction and separation system to be applied in future reduction studies of Sg [2] to 
distinguish and isolate reduced species from Sg(VI) by its different extraction behavior in a subsequent liquid-liquid 
extraction stage. Our strategy to achieve this is to identify a chemical system where the reduced and non-reduced 
species in solution have opposite charge. It should then be possible to distinguish between them by simply using a 
cation or anion extraction agent. Details of the strategy and overall system for performing liquid-phase redox studies 
on seaborgium will be presented in a separate contribution to this RadChem conference [3]. The extraction behavior of 
Mo(VI) and W(VI) from HCl with Hinokitol in toluene has been investigated in our previous work [4]. In the present 
work, we have focused our investigation towards systems where reduced species are anionic and hexavalent ions are 
cationic. Radiotracers of 89Zr and 93mMo was used to represent reduced species of Sg(IV) and non-oxidized Sg(VI), 
respectively. 0.1 M solutions of H2SO4, HCl, and HClO4 with and without 0.01 M HF were investigated. Di-(2-
ethylhexyl)phosphoric acid (HDEHP) and Tri-n-octylamine (TOA) dissolved in toluene were used as extraction 
agents.  

The Oslo Cyclotron Laboratory's (OCL) MC35 Scanditronix Cyclotron was used for producing the 89Zr and 93mMo 
radiotracer. While all these experiments were performed as discontinuous "batch" extractions, in the future, on-line 
studies will have to be performed using the full on-line and automated system (SISAK with a redox cell, see [3] for 
details) to test realistic conditions for a Sg experiment. 30 MeV 4He2

+ ions, delivered with an intensity of ~350 nA 
(electrical), were used for the nuclear reactions natZr(α,x)93mMo and natSr(α,x)89Zr. The activity was then transported in 
a KCl gas-jet and was deposited on a filter paper. This was gently washed off using the desired aqueous solution. The 
solution was mixed with an organic extractant dissolved in toluene and was violently shaken for 5 min using a Vortex 
shaker. Using H2SO4 + 0.01 M HF with either 0.1 M HDEHP or 0.1 M TOA gave the best separation between Mo and 
Zr. The obtained results indicate that a solution of 0.1 M H2SO4 + 0.01 M HF with 0.1M HDEHP provided the best 
separation: 88 % Mo(VI) and 12 % Zr(IV) were extracted. This is a promising start to develop suitable conditions for a 
future element 106 (Sg) experiment. These experiments will be presented in more detail. Preliminary data of the 
reduction of Mo(VI) to Mo(IV) using a Flow Electrolytic Column (FEC) [5] in combination with a promising 
extraction system will be presented by Toyoshima et al. in a parallel contribution to this conference [2].  

References  
[1] V. Pershina, E. Johnson, and B. Fricke. “Theoretical Estimates of Redox Potentials for Group 6 Elements, 
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[5] A. Toyoshima et al. “Development of an Electrochemistry Apparatus for the Heaviest Elements”. In: Radiochemica 
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Seaborgium (Sg), element 106, is the third transactinide element placed at the 7th row of the Periodic Table. Similar to 
its lighter group-6 homologs, Mo and W, Sg is expected to be redox-active in aqueous solutions. Pershina et al. [1] 
theoretically calculated the redox potentials of various couples of Sg on the basis of its multiple ionization-potentials 
[2]. They predicted that the redox couples of Sg such as Sg(VI)/Sg(V) and Sg(VI)/Sg(IV) have a more negative redox 
potentials than those of the corresponding Cr, Mo, and W ones in acidic solutions [1]. This is because the reduction 
processes of Sg are associated with its lower ionization potentials due to the large destabilization of 6d atomic orbitals 
[1]. Experimental determinations of redox potentials of Sg, therefore, provide tests of these theoretical predictions and 
yield information on the stability of the valence 6d orbital.  

The best Sg isotope for chemical investigation is 265a,bSg (a and b denote the ground and isomeric state) produced in the 
248Cm(22Ne, 5n)265a,bSg reaction. Because of low production rates of 265a,bSg and their short half-live of 8.5 s and 14.4 s 
[3], respectively, only single atoms of Sg are present during an experiment. Standard electrochemical techniques are, 
thus, not applicable to reduction studies of Sg. Furthermore, continuously rapid experiments are required to efficiently 
separate reduced and non-reduced species and to measure the alpha decay of 265a,bSg within its lifetimes. We are, 
therefore, developing a novel chemistry assembly consisting of a membrane degasser, a flow electrolytic column 
(FEC) [4], and the continuous liquid-liquid extraction apparatus SISAK coupled with a liquid scintillation counting 
system [5] to carry out a continuous reduction experiment of Sg. The development of suitable liquid-liquid extraction 
schemes are described in a separate contribution [6].  

In this contribution, electrolytic reduction of Mo and W using a FEC to prepare the reduction experiment of Sg is 
presented. We carried out batch-wise electrolytic reduction of carrier-free 93mMo and 176,181W radiotracers using a FEC. 
The electrolyzed samples from a FEC were chemically analyzed by solvent extraction with TOA and HDEHP to 
separate and identify reduced species from the stable Mo(VI) and W(VI) ones based on their different extraction 
behavior. 93mMo and 176, 181W were applied as radiotracers. We also performed cyclic voltammetry and UV/Vis 
absorption spectrometry of macro amounts of Mo and W in acidic solutions to obtain information on redox reactions of 
these elements under given conditions. In this conference, the present status of the preparatory reduction experiments 
with Mo and W will be presented.  

[1] V. Pershina et al., J. Phys. Chem. A 103, 8463-8470 (1999).  
[2] E. Johnson et al., J. Phys. Chem. A 103, 8458-8462 (1999).  
[3] H. Haba et al., Phys. Rev. C 85, 024611-1-11 (2012).  
[4] A. Toyoshima et al., Radiochim. Acta 96, 323-326 (2008).  
[5] J. P. Omtvedt et al., Eur. Phys. J. D 45, 91-97 (2007).  
[6] M. Attallah et al., contribution to this conference  
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The formulation of the Mendeleyev's Periodic law says: "Properties of chemical elements and their connections are in 
periodic dependence..." Therefore, it is possible to define evaluate unknown or by practical consideration inaccessible 
constants of some connections operating with various constants of similar substances in chemical behavior [1]. 

Chemical similar substances are connections with a close factor of intermolecular interaction (ψ-factor). They possess 
the actual identical chemical properties. For calculation and an assessment of unknown physical and chemical 
constants, in particular, boiling temperatures widely use methods of comparative calculation if temperatures of boiling 
of similar connections are known, for example. A boiling temperature is one of the main characteristic constants of any 
substance. For molecular connections there is the following dependence:  

(Tb•M) 0, 5 = f (M) (1)  

them Tb – a boiling temperature, К; M – molecular mass of substance, g-mol.  

Dependence (1) is a straight line for similar in the chemical relation of hexafluorides of the chrome, the molybdenum 
and the tungsten, and also uranium.  

According to works [2-4] character of a chemical bond in CrF6 molecules (ψ = < 0, 05), UF6 (ψ = 0,028), MoF6 
(ψ = 0,038) and WF6 (ψ = 0,028) is mainly covalent, i.e. these connections define as molecular. Chemical element No 
106 which has the name "seaborgium", is chemical analog of elements of a chrome subgroup. It is possible to tell 
surely that seaborgium forms molecular hexafluoride, though possessing considerably smaller oxidizing ability in 
comparison with MoF6 and even with WF6 [4].  

Function (1) was applied to calculation of boiling temperature of seaborgium hexafluoride, it was equal 355 K.  

Literature  
[1. L. Pauling General Chemistry. Freeman, San Francisco, 1970.  
[2] K. Ohwada On the ionic and covalent characters of uranium-fluorine bonds in complex fluorides of uranium. // J. 
Inorg. nucl. Chem., 1976, vol. 38, No 4, pp. 741-745.  
[3] A.G. Morachevsky, I.B. Sladkov Physical and chemical properties of molecular inorganic connections. – L.: 
Chemistry. 1987 . p. 59.  
[4] T.A. O´Donnell, A.B. Waugh and C.H. Randall Reactivity of transition metal fluorides. Part IX. // J. Inorg. nucl. 
Chem., 1977, vol. 39, No 9, pp. 1597-1600. 
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Recent advances in first-principle based studies of superheavy element (SHE) chemistry using the new accurate small-
core pseudopotential model are summarized. This model accounts for the finite nuclear size and effectively 
incorporates most relativistic effects described by the all-electron Dirac—Coulomb—Breit model (including the bulk 
of Breit interactions) and enables explicit correlation of both valence and subvalence electrons. It provides thus a good 
basis for attaining optimal accuracy/cost ratio in the cases of large and strongly interfering relativistic and correlation 
effects characteristic for the SHE compounds. Depending on the size of systems under study and required accuracy, 
high-level relativistic wavefunction theory (mainly coupled-cluster) and density functional theory methods or their 
combinations were used to solve the electron correlation problem.  

Synthesis and chemical identification of new superheavy elements is of top interest during the last decade. Since the 
thermochromatography on gold has been proved to be a unique method of chemical detection of heaviest elements, 
main attention was paid to the description of the SHEs – gold interactions. Adsorption energies of SHEs on gold 
surface were estimated using the cluster model. Its reliability was improved by monitoring charge distributions in the 
vicinity of the adsorption site and taking into account the effects of relaxation of the cluster compatible with its 
embedding into the crystal. In some cases the results differ significantly from those of previous theoretical studies. For 
instance, the new estimates of element 113 and element 120 on gold adsorption energies (1.0-1.2 eV and 2.5-2.7 eV 
respectively [1, 2]) are recommended.  

Further development of the SHE “chemical” identification techniques may benefit from having a broader view of their 
chemical properties. We performed systematical relativistic calculations of molecular structures and energetics of 
presumably stable binary compounds of SHEs with the most common light elements. We focus on the properties of 
element 120, copernicium (E112) and flerovium (E114) which are expected to display particularly strong relativistic 
contraction and stabilization of the filled s or p1/2 subshells. The obtained results along with the similar data for the 
homologues of SHEs were visualized through the “chemical graphs” which reflect the main trends in changing basic 
gas-phase chemical properties of the elements in the given group of the Periodic table and demonstrate the specificity 
of SHEs [3]. The work is partially supported by the RFBR (grants # 13-03-01234, # 13-03-01307 аnd # 13-03-12252-
ofi_m-2013). Thanks are due to Prof. C. van Wüllen for supplying us with his relativistic DFT code. The calculations 
were performed at MCC NRC “Kurchatov Institute” (http://computing.kiae.ru/).  

[1] A.A. Rusakov, Yu.A. Demidov, A.V. Zaitsevskii // CEJP (Rapid Comm.), 11, 1537-1540 (2013)  
[2] Yu. Demidov, A. Zaitsevskii and R. Eichler // PCCP (Rapid Comm.) 16, 2268-2270 (2014)  
[3] Yu. A. Demidov, A. V. Zaitsevskii // Radiochemistry 55, 461-465 (2013) 
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The first ionization potential (IP) directly reflects a valence electronic configuration influenced by relativistic effects 
which are significantly noticeable for heavy elements. Information on IP of heavy elements, therefore, gives us a better 
understanding of relativistic effects. IPs of heavy actinides with atomic number Z > 100, however, have not been 
measured by conventional techniques, such as resonance ionization mass spectrometry (RIMS), because these elements 
are only available in non-weighable quantities down to the one-atom-at-a-time scale. This condition forces us to call 
for a different experimental approach.  

Here, we have focused on a surface ionization process. Since the surface ionization process takes place between an 
atom and a metal surface, this method is applicable to one-atom-at-a-time scale experiments. In fact, we ionized and 
mass-separated short-lived isotopes using the surface ionization method installed in the JAEA-ISOL system [1]. 
Further improvement of the surface ionization type ion-source has been recently applied to measure the IP of 
lawrencium (Lr, Z = 103). 27-s 256Lr produced in the 249Cf +11B reaction was successfully ionized [2]. The IP 
measurement of Lr is now under way. In this work, we measured ionization efficiencies of various short-lived 
lanthanides and evaluated their IPs, as a test experiment for measurement of IPs of heavy actinides. Short-lived 
lanthanides, 143mSm, 143Eu, 148mTb, 154Ho, 157Er, and 165Yb, were produced by the irradiation of a 67.9- MeV 11B4+ beam 
delivered from the JAEA tandem accelerator on 136Ce / 141Pr / 159Tb and 142Nd / 147Sm / natEu targets.  

Short-lived 168Lu was also produced in the reaction of 162Dy with a 11B4+ beam. Nuclear reaction products recoiling 
from the targets were transported to the ion-source of the JAEA-ISOL set up by a He/CdI2 gas-jet transport system. 
The products were ionized in the ion-source, accelerated with 30 kV, mass-separated, and collected on an aluminized 
Mylar tape. The amounts of the collected ions were determined by gamma-ray measurement with a HP-Ge detector. To 
calculate ionization efficiencies, the amounts of the transported products were also determined by direct collection 
using a separate catcher system.  

IPs of various short-lived lanthanides are evaluated based on the following Saha-Langmuir equation: 
α = ni/n0 = exp((φ-IP)/kT) , where ni and n0 indicate the number of ions and that of atoms on a metal surface, 
respectively. T, k, and φ are the absolute temperature of the metal surface, the Boltzmann constant, and the work 
function of the specific metal surface, respectively. The experimental ionization efficiency β is expressed by using the 
α as follows: β = ni/(n0+ni ) = α/(α+1) . Obtained IP values of short-lived lanthanides with tracer scale atoms were 
compared with literature values measured with macro-scale amounts of these elements.  

[1] S. Ichikawa, et al., Nucl. Instr. and Meth. A 374, 330 (1996).  
[2] T. K. Sato, et al., Rev. Sci. Instrum. 84, 023304 (2013). 
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Np-237 is one of the important contributors to the radiation inventory of nuclear waste repositories over a very long 
time period, because of its long half-life (2.14•106 y). Natural clay rocks are considered as potential host rocks for deep 
geological disposal of nuclear waste, because of their low permeability and high retention properties for radionuclides 
via sorption processes. However, small organic molecules, such as lactate and propionate exist in clay rock pore water 
and they might enhance Np mobility. The understanding of the complexation of Np with these ligands and reliable 
complex formation data are required in the frame of safety assessment of a nuclear waste repository.  

Two methods were applied and compared for the determination of Np(V) (NpO2+) complexation with propionate 
([Prop] = 0-0.30 mol/L) and lactate ([Lact] = 0-0.33 mol/L), namely UV-Vis/NIR spectroscopy and liquid-liquid 
extraction (LLE) technique with isoamyl alcohol solution containing 10-3 M TTA and 5•10-4 M 1,10-phenanthroline 
[1]. All measurements were performed at 0.5 M ionic strength of NaCl solution at room temperature (22±1 °C). The 
concentration of 237Np(V) in LLE experiments was 1∙10-6 - 3∙10-6 M at pH 7. Liquid scintillation counting was used for 
the determination of the neptunium concentration in aqueous and organic phases after the extraction. UV-Vis/NIR 
spectroscopy measurements in the wavelength range of 950-1030 nm were carried out at pH 4, 5 and 7 with 237Np(V) 
concentrations of 2∙10-5 - 6∙10-5 M. The maximum of the absorption band of the neptunyl aqua ion (NpO2+) at 980 nm 
shifts with increasing ligand concentration to 983 nm (NpO2Prop) and 986 nm (NpO2Lact) while its absorption 
intensity decreases. Slope analysis of the results yields a 1:1 Np(V) complex formation for propionate and lactate at the 
given pH values. In the extraction experiment, the distribution ratio of [Np-org]/[Np-aq] decreases with increasing 
ligand concentration. Both methods provided similar conditional complexation constants at ionic strength of 0.5 M 
NaCl: log Kc (spec) = 1.09±0.1 and log Kc (LLE) = 1.04±0.02 for NpO2Prop; log Kc (spec) = 1.75±0.1 and log Kc 
(LLE) = 1.85±0.01 for NpO2Lact. The value for the lactate complex is comparable with a value from literature: log Kc 
(spec) = 1.78±0.03 for NpO2Lact I = 0.3 M [2]. The complexation strength of propionate is similar to the acetate 
complexation expressed in a similar complex formation constant of log Kc (spec) = 1.05±0.04 for NpO2Acet at 
I = 0.3 M [2]. The work will be extended to different ionic strengths and elevated temperatures in the near future.  

References:  
[1] Y. Inoue, O. T. (1982). "Solvent extraction of neptunium (V) by thenoyltrifluoroacetone and 1,10-phenanthroline 
or tri-n-octylphosphosphine oxide." Radiochimica Acta 31: 193-196.  
[2] R. C. Moore, M. G. Bronikowski (1999). "Thermodynamic modeling of actinide complexation with acetate and 
lactate at high ionic strength." Journal of Solution Chemistry 28(5). 
  



CHEMISTRY OF ACTINIDE AND TRANS-ACTINIDE ELEMENTS - POSTERS 

 

214 

TAN-P15, (Id: 439) 
GAS PHASE CHEMISTRY OF THE VOLATILE CHLORIDE COMPOUND OF HF ISOTOPES 
Hisaaki Kudo, Shin'ichi Goto, Masashi Murakami 
Niigata University 
hkudo@sc.niigata-u.ac.jp  

 
Gas-phase chemistry is one of the most utilized techniques to study chemical properties of superheavy elements. An 
adsorption enthalpy of volatile compounds of these elements can be determined with their adsorption-desorption 
processes on a gas chromatographic column surface. The gas phase chemistry for group 4 elements, Zr, Hf, and Rf has 
been performed by several groups, and it is reported that the order of the volatility of their tetrachlorides is Zr Rf>Hf 
[1, 2] and Zr~Hf~Rf [3]. However, in macro-scale, tetrachloride of Hf is known to be more volatile than that of Hf. 
Until now, we have investigated gas chromatographic behavior of volatile chloride compounds of Zr and Hf, and the 
transfer process in the column using Hf radioisotopes of various half-lives. The results show a similar behavior with 
nonvolatile compound, oxychloride which is formed by oxygen in a system [1]. Therefore, we investigated in detail 
oxygen effects on a gas chromatographic behavior.  

Hf isotopes were produced in the natEu(19F,xn) and 152Gd(18O,xn) reactions using 20 MV tandem accelerator at Japan 
Atomic Energy Agency (JAEA). The beam energy of 19F and 18O were 122 and 108 MeV, respectively. Produced Hf 
isotopes were 165Hf (76 s), 166Hf (6.8 min), 167Hf (2.05 min). To compare volatility with a Zr compound, 85Zr (7.9 min) 
was also produced in the natGa(19F,xn) and natGe(18O,xn) reaction. Nuclear reaction products were transported to the gas 
chromatographic apparatus with a carbon cluster in a helium gas flow. The transported products were collected on 
quartz wool plugged in a quartz tube where HCl gas added to form volatile chloride compounds. Oxygen gas was also 
introduced in order to examine an oxygen effect on a gas chromatographic behavior. The volatile compounds through 
the isothermal column were re-transported using a He/KCl gas-jet system, and collected in a cold trap where gamma-
rays were measured to obtain the yield of each Hf isotope which passed through the column.  

The relative yields for 165,166,167Hf and 85Zr are regarded as 100 % at the column temperature of 450 °C. In the condition 
of oxygen free, the yields of all nuclides increased with the temperature of the column from 200 °C up to 300 °C. 
When oxygen was added into the system, the yields at 300 °C were very low and the temperature to which the yield 
reaches to 100 % was 400 °C. Since this result agrees with our previous results, it is found that oxygen had actually 
influenced the chromatographic behavior reported until now. In the model generally used for analysis of the gas-phase 
chemistry, it is explained that the yield of the volatile compound changes according to the half-life of the nuclide used. 
But our experimental results show that nuclides of different half-lives exhibit almost the same breakthrough curves in 
an isothermal chromatography. The detailed reason is under investigation.  
 

[1] A. Tuerler et al., J.Radioanal. Nucl. Chem. 1992, 160, 327-339 [2] B. Kadkhodayan et al., Radiochim. Acta 1996, 
72, 169-178. [3] T. K. Sato et al., J. Nucl. and Radiochem. Sci. 2005, 6, N1-N3. 
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RCH-I01, (Id: 448) 
RADIATION CHEMICAL PROCESSES IN PREBIOTIC CHEMISTRY: AN OVERVIEW 
Alicia Negron-Mendoza , Maria Colin-Garcia, Alejandro Heredia  
aInstituto de Ciencias Nucleares, Universidad Nacional Autonoma de Mexico 
negron@nucleares.unam.mx 

 
Scientists have long made efforts to understand the origin of life; and several hypotheses about early life have been 
proposed and coexist today. Among them, the framework laid out by Alexander Oparin and John Haldane who 
postulated the chemical evolution theory for the origin of life. According to them, a physical and chemical process 
took place on the early Earth named chemical evolution, which led to the formation of biologically relevant molecules, 
starting from simple inorganic compounds and under the influence of natural energy sources; later these molecules 
organized into the first molecular system. After this process, the initiation of biological evolution took place, which led 
to the first cells. The accumulation of organic matter on the primitive Earth and the generation of replicating molecules 
are two factors of prime importance in chemical evolution.  

The exact sequence of chemical events that led to the living beings is not known; however, a chemical approach is 
used to study this process in the laboratory (named prebiotic chemistry), by simulating the synthesis of compounds 
through a recreation of the inferred possible conditions that prevailed on the early Earth. Many prebiotic reactions are 
not spontaneous and require the input of energy. UV light from the sun is the most important source of free energy, due 
to its abundance. Another important aspect for an efficient chemical synthesis is the specific action of a given type of 
energy, and not only its abundance. In this regard, ionizing radiation was a minor energy source among the others 
available on the primitive Earth. However, radioactivity -from radioactive elements, must be important because it was 
present since the Solar System formation, and therefore, our planet has been permanently exposed to ionizing radiation 
of both terrestrial and extraterrestrial origin. In this context, ionizing radiation can be considered a very efficient source 
of energy for prebiotic synthesis due to its unique qualities, like its way of energy deposition, its omnipresence, and the 
effectiveness of its reactions via free radicals. The use of this source is substantiated by calculations of the energy 
available for the decay of the main contributors, i.e., radioactive elements with half-lives longer than 1 million years, 
such as postassium-40, uranium-235, uranium-238, and thorium-232. An external source of energy is cosmic radiation, 
which consists of electromagnetic radiations and charged particles, especially high-energy protons, which also could 
have contributed to chemical evolution processes. For these reasons, in the context of chemical evolution, radiation 
chemistry can be a very precise and useful tool to simulate the changes that suffered organic molecules exposed to 
high-energy radiation in a prebiotic scenario.  

This work analyzes the results of laboratory-simulated experiments, which are being performed with low concentration 
water solutions of compounds of biological importance, and on irradiated frozen solutions, which reproduce terrestrial 
and extraterrestrial environments, such as a nucleus comet irradiated with cosmic rays. In addition, the importance of 
radiations in prebiotic chemical reactions is highlighted. 

This work was supported by PAPIIT grant No. IN110513 and the CONACyT Grant No. 168579/11 
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RCH-V02, (Id: 427) 
CHEMICAL AND HEAVY ION IRRADIATION INDUCTION OF HPRT MUTATIONS IN V79 CELLS 
Pavel Bláhaa,b, Igor Koshlanb, Natalia Koshlanb, Raisa Govorunb, Daria Elshab, Viliam Múčkaa 
aCTU in Prague 
bJINR 
cCTU in Prague 
pavel.blahax@gmail.com 

 
Induction of mutations has been observed in the HPRT locus of the Chinese hamster cells (line V79) after irradiation 
with accelerated heavy ions and also after the action of chemical agent. The mutant fractions were measured after 
exposure to two types of accelerated ions: 18O and 20Ne, under three different irradiation conditions. The linear energy 
transfer (LET) values ranged from 115 to 153 keV/μm. As a chemical agent, the ethanol was used. The dependence of 
the mutant fraction on expression time (the incubation period of the cells from termination of the irradiation until 
reseeding on a selective medium containing 6-thioguanine for the isolation of HPRT mutants) was measured for the 
doses of 0.5, 1, and 2 Gy; and for 1.65 M (10 vol. %) ethanol. The dependence was non-linear for all irradiation 
conditions. The mutant fraction increased with expression time, reached a maximum, and fell back to the starting level. 
It was found that after approximately 40 – 45 days (80 – 90 cell generations), mutant fraction returned to the levels 
typical for spontaneous mutants. The maximum of the mutant fraction on expression time relation was reached in 
different expression times under various irradiation conditions. The position of this peak was moving with the LET 
value of the used radiation. The observations were compared to the mutagenic actions of ethanol, which is a potent 
scavenger of hydroxyl radicals and it will be used in the upcoming research simultaneously with irradiation to observe 
its protective (or synergistic) effects. 
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RCH-V03, (Id: 397) 
PHOTO- AND RADIATION-INDUCED SYNTHESIS OF (NI,ZN)O OR MIXED NIO-ZNO OXIDES 
Tereza Pavelkováa, Lenka Procházkováa, Václav Čubaa, Viliam Múčkaa, Milan Pospíšila, Ivo Jakubecb 
aCTU in Prague, Czech Republic 
bInstitute of Inorganic Chemistry, AS CR, Czech Republic 
tereza.pavelkova@fjfi.cvut.cz 

 
Set of mixed oxide samples containing crystalline NiO-ZnO with variable composition was prepared by simple 
irradiation of aqueous solutions containing nickel and/or zinc nitrate hexahydrate, with subsequent annealing. Effects 
of various types of radiation were studied - solutions were irradiated either by accelerated electrons or UV light. Due to 
irradiation, weakly crystalline solid precursor was formed. After annealing at 200-300 °C, nanocrystalline (Ni,Zn)O or 
a mixture of NiO-ZnO oxides were formed, with different amounts of nickel or zinc, depending on the composition of 
initial solution. Due to high level of interaction between nickel and zinc compounds achieved, formation of solid 
solution was frequently observed even in the NiO-ZnO mixture. The size of the crystallites was calculated from XRPD 
spectra to be in order of tens of nm. Photo- or radiation- induced synthesis yields material with quality nanocrystals 
and very high specific surface area.  

This work has been supported by the Ministry of the Interior of the Czech Republic, project No. VG20132015132 and 
by the Grant Agency of the Czech Technical University in Prague, grant No. SGS14/207/OHK4/3T/14. 
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RCH-V04, (Id: 396) 
THERMAL CONDITION MONITORING METHODS APPLIED TO DEGRADED CABLE INSULATIONS 
AND JACKETS 

Grazyna Przybytniak, Jacek Boguski 

Institute of Nuclear Chemistry and Technology 
g.przybytniak@ichtj.waw.pl 

 
Selection of condition monitoring (CM) method is an important aspect of cable ageing management for Nuclear Power 
Plants (NPP). The current status of cables might be inter alia assess by various thermal methods based either on 
Differential Scanning Calorimetry (DSC) or on Thermogravimetric (TG) analysis. The techniques might be used to 
determine the extent of cable damage caused either by degrading stressors occurring in a hot spot of NPP or by 
accelerated thermal and/or radiation aging performed in the laboratory. Using DSC apparatus Oxidation Induction 
Time (OIT) and Oxidation Induction Temperature (OITp) measurements might be carried out and the data obtained 
dependents on the remaining upon degradation content of antioxidants and the extent of oxidation. On the other hand, 
TG dynamic tests which theoretically might follow the changes in chemical structure of polymeric matrix are usually 
insufficiently sensitive to monitor progress of cable aging. Thus, finding other opportunities for such applications is 
currently a challenge.  

Our TG studies confirmed that for the cable insulations/jackets made of some polymers (EPR, EVA) tests conducted 
via an isothermal mode seem to be promising manner allowing for the diagnosis of gradual radiation aging. Variations 
in the TG thermograms for polymers degraded to different extents are substantial only if the experiments are 
performed in the aerobic atmosphere, whereas under nitrogen the changes are insignificant and can not be used for the 
evaluation of cable aging. During the first stage of tests the specimens were fast heated to 400 °C, i.e. to the 
temperature throughout which the thermal decay of hydrocarbon macromolecules starts. In the second step the samples 
were kept at 400 °C until the thermal decomposition of polymer. Functions of mass loss versus time for specimens 
irradiated to various doses were analyzed and compared. Surprisingly, the data confirmed that the more degraded 
insulations the higher thermal stability of the polymeric matrix measured as the time required to achieve assumed mass 
loss. The thermo-oxidation effects detected by the isothermal TG analysis are the consequences of chemical and 
physical changes occurring during radiation aging in the aerobic environment, such as oxidative degradation, 
formation of double bonds in the main chains improving thermal resistance, saturation of oxygen sensitive sites, barrier 
effects caused by flame retardant transformations, etc. It was also found that initial crosslinking of the polymers 
influences their thermo-oxidative stability. The effect was attributed to the raise of the rate of oxidation due to chain 
branching and increasing population of the labile bonds between third order carbon and hydrogen atoms.  

The method may not be considered as a condition indicator or an acceptance criterion but can provide information 
about the state of cable. Contrary to OIT and OITp measurements, the isothermal characteristic is not associated with 
the antioxidant content but rather with the extent of polymeric matrix degradation. The time necessary for achieving 
the selected ratio of mass loss might be confronted with other data characterizing progress of insulation/jacket aging, 
e.g. elongation at break, degree of swelling or density. 
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RCH-V05, (Id: 268) 
INFLUENCE OF DOSE RATE IRRADIATION ON POLYMERS PROPERTIES 
Martin Cabalka, Bohumil Bartoníček 

ÚJV Řež, a. s. 
cab@ujv.cz 

 
Influence of dose rate irradiation on elongation at break, strength at break and density was evaluated on insulation of 
cables NSKFA, NSKA and CXFE-V. It was applied gamma irradiation and reactor ïrradiation. It was performed a 
experimental comparison among three dosimetry systems (alanine, oxalic acid, PFMCH) for reactor irradiation to 
evaluate the total dose and parts of neutrons and gamma. 
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RCH-I06, (Id: 436) 
IONIZING AND NON-IONIZING RADIATION IN NANOPARTICLE SYNTHESIS 
Václav Čuba 

CTU in Prague - FNSPE, Department of Nuclear Chemistry 
vaclav.cuba@fjfi.cvut.cz 

 
Materials consisting of nanometer-sized particles have drawn substantial attention in wide range of research fields, 
mostly for their various unique properties originating from their small size or related high specific surface area. For 
this reason, the nanoscale materials have been considered for many applications (e.g. as phosphors, catalysts or 
sorbents). This talk covers brief history and recent development of nanoparticle synthesis using various types of 
ionizing (IR) and UV radiations. The synthesis of various inorganic compounds using IR or UV light represents very 
promising research and technological field. Radiation-induced processes have some advantages over common 
chemical methods: they are mostly independent of temperature and they yield material of high purity, with narrow size 
distribution of particles. The radiation methods has been successfully tested for preparation of variety of nano-scale 
compounds, namely metals, metal alloys and core-shell systems, metal oxides, garnets, various heterostructures and 
nanocomposites. 
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PRIMARY RADIOLYTIC PROCESSES STUDIED BY POSITRON ANNIHILATION AND EMISSION 
MOESSBAUER SPECTROSCOPY 

Sergey Stepanova, Vsevolod Byakova, Gilles Duplatreb, Dmitriy Zvezhinskiya, Yurii Perfilievc, Kulikov Leonidc 
aInstitute of Theoretical and Experimental Physics 
bPluridisciplinaire Hubert Curien, CNRS/IN2P3, BP 28 67037 Strasbourg 
cMoscow State University 
stepanov@itep.ru 

 
The e+ fate since its injection into a liquid until its annihilation is described. There are several steps of the e+ evolution 
[1]:  

1) energy deposition and track structure of fast positrons: ionization slowing down, thermalization, track structure, 
terminal positron blob, electrostatic interaction between e+ and radiolytic products in its blob, effect of local heating;  

2) positronium formation in aqueous solutions and other molecular condensed media: the Ore model, quasifree Ps 
state, intratrack mechanism of Ps formation. Ps bubble models. “Non-point” positronium: wave function, energy 
contributions, relationship between the pick-off annihilation rate and the bubble radius;  

3) fast intratrack diffusion-controlled reactions: Ps oxidation and ortho-para conversion by radiolytic products, reaction 
rate constants, interpretation of the PAL spectra in water at different temperatures.  

Intratrack radiation chemical reactions in frozen solutions can be studied by means of the emission Moesbauer 
spectroscopy. Radioactive transformation of 57Co into 57Fe (E-capture by 57Co nucleolus) is accompanied by emission 
of several Auger-electrons having total kinetic energy about 6 keV. Emission of these energized electrons leads to 
formation of a cloud around Moessbauer 57Fe ion with a radius of about 100 Å containing (200-300) ion-electron pairs 
(H2O+, e- in case of aqueous solutions). Such a cloud (the Auger-blob [2]) is formed within 0.1 ps. Further fast 
intrablob processes (ion-electron recombination, electron localization and scavenging) can be observed experimentally 
via measuring of the yields of final chemically stable ions 57Fe3+ and 57Fe2+ by means of EMS. Observation of these 
processes is terminated by the lifetime of the excited Moessbauer nuclei 57Fe, which is about 100 ns. We have studied 
experimentally reaction ability of NO3

- cations towards quasifree track electrons in frozen aqueous solutions of acids 
and salts [2]. It was shown that NO3

- scavenges track electron more efficiently than H3O+, but only by a factor of 3. It 
is in a drastic contradiction with known behavior of nitrite ions in liquid water, where they are very efficient electron 
scavenger.  

[1] S.V. Stepanov, V.M. Byakov, D.S. Zvezhinskiy et al., Advances in Physical Chemistry, vol. 2012, Article ID 
431962, (2012)  
[2] S.V. Stepanov, V.M. Byakov, Yu.D. Perfilev, L.A. Kulikov Bulletin of the Russian Academy of Sciences. Physics, 
Vol. 77, No. 6, pp. 770-774 (2013) 
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APPLICATION OF RARE EARTH DOPED PHOSPHATE GLASSES IN RADIATION DOSIMETRY 
Piotr Szajerski, Andrzej Gasiorowski, Malgorzata Jakubowska 

Institute of Applied Radiation Chemistry, Lodz University of Technology, Wroblewskiego 15, Lodz, Poland 
szajer@mitr.p.lodz.pl 

 
Presently ionizing radiation and radioactive isotopes are used in many fields of life, technology and medicine. 
Radiation and nuclear technologies are used for food and materials sterilization, radiation induced polymerization, 
materials modification, medical diagnostics and cancer therapies. In order to assure safe application of these 
technologies and to control radiation exposure to humans and natural environment radiation doses must be strictly 
controlled. For these reasons many techniques have been developed, which allow for radiation doses measurements. 
Currently many of these methods are used for particular dosimetric purposes. One of the most common in radiation 
dosimetry is method based on the themoluminescence properties of solid state materials. Thermoluminescence 
dosimetry (TLD) is based on the signal originating from electron-hole pairs recombination during heating of irradiated 
previously dosimeter. TL signal intensity is proportional to the dose absorbed within the material. The most often used 
materials in TL dosimetry are inorganic dosimeters based on the lithium fluoride (MTS-N, MCP-N).  

However, preparation techniques of the presently used TLD dosimeters is difficult and their application for high doses 
and high dose rates measurements is problematic. Our studies were dedicated to evaluation of rare earth elements 
(REE) doped phosphate glasses for application in high dose dosimeters.  

A series of phosphate glass (PPG) samples doped with 0.5-1.5 % of Eu2O3, Gd2O3 and CeO2 REE oxides were 
prepared by quench-melt technique. The initial phosphate glass matrix composition used was based on the P2O5, Na2O 
and Al2O3 oxides in amounts of 56, 32 and 12 % (w/w) respectively. The starting materials used for synthesis were 
ammonium dihydrogen phosphate (NH4H2PO4), sodium carbonate (Na2CO3), aluminum oxide and respective REE 
oxide. Before synthesis batch components were grinded in an agate mortar and next melted in Al2O3/ZrO2 95/5 
composite crucible. For decomposition of batch components, NH4H2PO4 and Na2CO3, batch was heated to and 
maintained in 800-900 °C for 3 hours and subsequently heated to 1200 °C. After 3 hours melt were poured on a 
stainless steel plate preheated to 400 °C. To assure homogenous distribution of all glass components, especially REE, 
after cooling and crushing, samples were grinded in ZrO2 planetary ball mill and subsequently melted in 1000 °C and 
finally poured again on the stainless steel plate. Dosimetric experiments were carried out in IARC using installed 
radiation sources. Glass samples in the form of small pieces (ca. 20 mg each) were irradiated with electron beam 
(linear electron accelerator ELU-6E, 6 MeV) or with Co-60 gamma source. Radiation doses varied from a few Gy up 
to 1 Mgy. TLD measurements were performed with TL RA-94 thermoluminescence reader.  

As a results of our studies, it has been found, that for investigated glasses within the doses ranges of 50-100 kGy the 
most intense TL signal was observed for 1.5 % CeO2 doped PPG glass. The best linearity of the TL signal vs. absorbed 
dose was found for 1.5 % Gd2O3 doped glass. Pure, undoped PPG matrix was not as effective as REE PPG glasses 
taking into account both their sensitivity and response linerity. Proposed glasses can be considered as prospective 
materials for radiation dosimetry unless optimization of the glass composition and improvement of the preparation 
methods leading to the final dosimeters forms. Acknowledgements.  

This research project is supported by the Polish National Science Center (NCN) under the Grant No.: 
2011/01/D/ST4/04101, titled: "Eu, Gd and Ce cations interaction with radiation exposed matrices of borosilicate and 
phosphate glasses". 
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APPLICATION OF AB-INITIO MOLECULAR ELECTRONIC STRUCTURE CALCULATIONS OF 
RADIOLYTIC AND HYDROLYTIC STABILITIES OF PROSPECTIVE EXTRACTANTS 

Tomas Koubsky, Ladislav Kalvoda 

Czech Technical University in Prague, Faculty of Nuclear Sciences and Physical Engineering 
tkoubsky@gmail.com 

 
Many proposed sustainable nuclear fuel cycles include coextraction of minor actinides together with lanthanides from 
the high level liquid waste. The extraction of minor actinides is of particular importance due to their responsibility for 
the long-term radiotoxicity of the waste. For the trivalent actinides and lanthanides ions extraction, the diglycolamide 
(DGA) family of organic extractants is being used, among others. Since it is well known that the degradation of the 
extractants in the highly acidic and active environment leads to undesirable effects, it is necessary to demonstrate their 
hydrolytic and radiolytic stability.  

For theoretical estimation of the general as well as the local chemical stability of the particular extractant's structure, 
the ab-initio calculations of some DGA extractants and their degradation products were performed. For the geometry 
optimization and electronic structure calculations, the Gaussian and DMol3 codes were used on the DFT level of 
theory (BLYP, B3LYP functionals / 6-31G**, DNP basis sets). The chemical stability was assessed according to 
various theoretical general and local stability indicators – electrostatic potential, HOMO-LUMO gap, spatial 
localization of HOMO, atomic charges, and bond orders. The results of local and general stability of the investigated 
extractants and their degradation products is in good agreement with the published experimental stability studies. The 
results for different computational codes and methods (exchange-correlation functionals, basis function types) were 
compared and found to be in good mutual agreement. Thus, such theoretical chemical stability predictions can provide 
a valuable support to experimental scientists in development of novel, more stable organic extractants and extraction 
methods. 
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EFFECTS OF DOSE RATE ON THE RESPONSE OF A FLUORESCENCE CHEMICAL DOSIMETER FOR 
ULTRA-FAST PULSE RADIOLYSIS 

Martin Preceka, Petr Kubelika, Libor Juhaa, Ulrich Schmidhammerb, Mehran Mostafavib 
aInstitute of Physics AS CR 
bUniversité Paris-Sud 
precek@fzu.cz 

 
Recent developments in the utilization of high-power femtosecond lasers for generation of X-ray and particle radiation 
sources as well as the on-going deployment of the first multi-keV X-ray free-electron laser facilities (such as are the 
LCLS, SACLA and the European XFEL) have opened an opportunity for application of these ultrashort pulsed 
radiation sources to study radiation chemistry with truly femtosecond temporal resolution that has so far not been 
accessible to experimental observation.  

In the study of radiolytic processes in condensed liquids on femtosecond time-scales a serious challenge is the effect of 
the group velocity mismatch between the pulses of ionizing radiation and the probing light. A feasible solution is to 
use very thin renewable windowless targets based on liquid jets of 10 - 100 micrometers in diameter. On the other 
hand, determination of the delivered final radiation doses might be complicated in these liquid-jet systems, especially 
if these doses are small. Several suitable fluorescence dosimeters based on hydroxyl-radical scavenging aromatic 
carboxylic acids were developed in the past for use in aqueous solutions and are particularly useful for determination 
of doses down to 0.1 Gy. A system based on fast on-line detection of fluorescence from their fluorescent radiolytic 
products would be capable of measuring the dose delivered by each radiation pulse.  

An important issue in the development of such a fluorescence-based dosimetry system for use in ultra-fast pulse 
radiolysis is to identify any potential dose rate effects resulting from the vastly increased dose rates (over 15 orders of 
magnitude) compared to standard radiation sources that have been used in the past to calibrate their response (e.g., 
cobalt-60 radionuclide sources or X-ray tubes). Preliminary experiments revealing observable differences in these 
fluorescence yields at different dose rates were performed with a fluorescent dosimeter based on trimesic acid at the 
picosecond pulse radiolysis facility ELYSE of the Laboratoire de Chimie Physique at Université Paris-Sud in France. 
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RCH-P01, (Id: 13) 
RADIATION STABILITY OF HYDROCARBON DILUENTS OF TBP IN TWO PHASE SYSTEM USED IN 
SNF REPROCESSING 

Elena Belova, Zayana Dzivanova, Alexsey Rodin 
Russian academy of sciences A.N. Frumkin Institute of Physical chemistry and Electrochemistry RAS 
bl174@bk.ru  

 
The modern technology of reprocessing of irradiated fuel nuclear power plants (NPP SNF) is based on the Purex 
process, which uses a solution of tributylphosphate (TBP) in an inert dilu-ent as extractant. There are most commonly 
used aliphatic hydrocarbons with straight chain and mixtures thereof (a mixture of n-paraffins) or mixtures of iso-
paraffins (tetrapropylene) or a mixture of n-paraffins with iso-paraffins and naphthenes (dearomatised kerosene). High 
ra-diation and chemical exposure faced by the extractant lead to the formation and accumulation of impurities, which 
affect its hydrodynamic and selective properties. Therefore the extractant is constantly regenerated in the extraction 
cycle by soda washing but a part of the degradation products is not removed by this treatment and gradually 
accumulates. The basic role in dete-rioration of hydrodynamical characteristics of the extractant is played by the 
products of ra-diation-chemical decomposition of hydrocarbon diluents among which the main contribution is from the 
products of nitration, oxidations and the mixed products of interaction with TBF.  

The purpose of the given work is comparison of radiation stability of branched diluent Isopar-M, mixtures of i-
paraffins С13 (C11- 7,11 %, С12 - 17,25 %, С13 - 72,15 %, С14 and above - less 2.9 %) and comparison to data on 
destructions of RED-1, and also substantiation of choice of both high boiling diluent, and the recycling solution 
allowing to wash away organic ligands and admixed elements from the extractant thus not creating difficultly 
separable emul-sions and deposits, formed, first of all, by sodium salts VKK. 

 After each cycle of irradiation a reextraction was performed, an organic phase was halved: one half was recycled with 
Na2CO3, and another half was recycled with NaHCO3 for com-parison. After each contact the speed of aliquation and 
after each cycle in both variants the size of an interphase tension were determined. The latter was determined by 
modified Re-binder's device by method of detection of the maximal pressure in a bubble of an organic phase.  

Comparing data on an irradiation of studied diluents with investigated earlier RED-1 and RJ-13, it could be noted, that 
a superficial tension on soda regeneration at irradiated С13 and Isopar-M is a little bit higher, than at irradiated RED-1 
and RJ-13. Thus speeds of aliquation of emulsions at soda processing at С13 and Isopar-M have close values and since 
a doze of an irradiation of 200 kGy practically does not change up to a doze 500 kGy, keeping value within the limits 
of 0,2-0,3 of mm/s while for RJ-13 speed of aliquation monotonously de-creases and at a doze 550 kGy is 0,1 mm/s, 
and RED-1 at dozes more 200 kGy does not un-dergo aliquation.  

Thus, newly examined diluents are characterized by more stable properties at an irradiation in comparison with studied 
earlier. Thus, Isopar-M has appreciable advantage over С13 at the stage of regeneration, especially at use of 1 M 
solution of NaHCO3 increasing in the irradiation process. For a choice of a spe-cific diluent for radiochemical plant it 
is necessary to consider both individual dissolving abil-ity, including propensity of formation of the 2nd organic phase, 
and specificity of production. 
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NATURAL METAMICT MINERALS AS ANALOGUES OF AGED NUCLEAR CERAMIC WASTE FORMS 
Qiuxiang Caoa, Sergey V. Krivovichevb, Xiaodong Liua, Boris E. Burakovb 
aEast China Institute of Technology, Guanglan Road, 418, 330013, Nanchang, Jiangxi 
bSaint-Petersburg State University, Universitetskaya emb. 7/9, 199034, St.-Petersburg, Russia 
qiuxiangcao@126.com  

 
Natural metamict U-Th-containing minerals are well known analogues of aged nuclear ceramic waste forms, which 
were affected by self-irradiation and chemical alteration under the conditions of geological environment. Main concern 
related to the behavior of radioactive ceramics during their long-term storage is the stability of radionuclide solid 
solution in the crystalline structure of durable host-phases. Self-irradiation may cause not only damage of crystalline 
structure of host-phase (its amorphization or metamictization) but also destruction of solid-solution and release of 
radionuclides in separate chemically mobile forms. We have studied two large (1-3 cm in size) and relatively 
homogeneous samples of natural fully metamict minerals: Y-Fe-niobate, (Y,Fe,U,Th)x(Nb,Ti,Ta)yOz (containing 
1.0 wt. % ThO2 and 4.2 wt. % UO2) and lovchorrite, Na(Ca,Na)2(Ca,Ce)4TiO2F2(Si2О7)2 (containing 1.1 wt. % ThO2). 
No evidences of solid solution destruction as a result of metamictization were observed in these samples. Both 
samples: untreated and annealed at different temperatures in order to initiate recrystallization were analyzed in 
comparison by precise X-ray powder diffraction, electron microprobe (EMPA) and scanning electron spectroscopy 
(SEM). It was observed that annealing caused not only recrystallization of both samples but also destruction of initially 
homogeneous solid solutions with partial release of U or Th in the forms of separate phases. It was proposed that 
recrystallization of aged nuclear ceramic waste forms as a result of any possible natural process is not positive 
phenomenon as it was assumed before. Recovery of crystalline structure can be accompanied by essential release of 
radionuclides. 
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This study deals with the effects of irradiation on the stability and extraction properties of thiacalixarenes1, the 
prospective liquid-liquid extractants for the extraction of actinides and lanthanides from aqueous solutions. 
Thiacalixarenes (T1, T2) dissolved in cyclohexanone and 1,2-dichloroethane were irradiated with 60Co gamma rays or 
accelerated electrons with energy of 4.5 MeV. The absorbed doses ranged from 0 to 100 kGy.  

The extraction properties towards europium and americium, as lanthanide and actinide representatives, were studied in 
synergistic systems. The combinations of two thiacalixarene extracting agents, three COSAN molecules and three 
diluents (chlorobenzene, nitrobenzene and 1,2-dichloroethane) were evaluated.  

For the determination of residual concentration, the HPLC method was used and compared with the assessment of the 
change of the D(Am) and D(Eu) values in solvent extraction experiments. The aqueous phase consisted of a solution of 
COSAN (chloro-protected bis(1,2-dicarbollide) cobaltic acid) in 0.1 mol/l nitric acid; solutions of thiacalixarene T2 in 
1,2-dichlorethane were used as the organic phase. Distribution ratios D for 152Eu and 241Am and their mutual separation 
factors were evaluated. The activity of aqueous and organic phase was measured via gamma spectrometer with HPGe 
detector.  

The results obtained from both methods correspond to each other and the decline in the extraction behaviour can be 
derived from the residual concentration determination and otherwise. Both thiacalixarenes seem to be more stable in 
the irradiated cyclohexanone samples than in the 1,2-dichloroethane samples which is in good agreement with the state 
that during cyclohexanone radiolysis less aggressive intermediates are produced comparing with the latter case.  

This work was performed under the auspices of Czech Science Foundation grant GACR 104-07-1242 and Ministry of 
the Interior of the Czech Republic grant VG20132015132.  

REFERENCES  
[1] Lhoták P.: Eur. J. Org. Chem., 2004(8), 1675. 
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During severe nuclear accidents in LWRs several hazardous and radiotoxic gaseous fission products will be released 
from damaged UO2 fuel. Volatile iodine species (CsI, IOx, I2, org. iodides such as MeI) will be released and formed 
already in an early stage of a severe accident, while the release of volatile oxides of ruthenium (RuO3, RuO4) will 
require a rupture of the containment with a significant air ingress.  

Considerable amounts of released CsI and elemental iodine will dissolve in the water pools and steam. Remaining 
gaseous elemental iodine can be partly immobilized by sorption on the containment surface and structural materials 
(paint, Al, Cu, Zn).  

A fraction of the iodine will be physisorbed and thus can be rather quickly revaporised or washed off from the 
surfaces. Some of the iodine will be chemisorbed, like on copper and epoxy paint surfaces (Teknopox Aqua VA).  

Ruthenium tetroxide has a high affinity to deposit on all the available surface materials. It is a strong oxidizing agent 
and thus possibly affects the volatile iodine source term. Differences of the sorption behavior of RuO4 on plane and 
iodine covered surfaces have been investigated qualitatively and quantitatively, as well as the effects on the iodine 
revaporisation behavior. 
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During irradiation of microorganisms in liquid media by gamma radiation, hydroxyl radicals are considered as one of 
the most dangerous agents. Elimination of these radicals by their scavengers (ethanol, methanol and potassium 
formate) should protect the cells. Comparison of two ways of interpretation of acquired data was performed. 
Dependencies of σ ( = (ln (s0))/(ln (s)), where s0 is fraction of cells surviving in suspension with no scavenger 
added and s is fraction of cells surviving in suspension with one of OH scavengers) and α (increase of survival) on 
scavenging efficiency (Q) were evaluated and compared. Besides, a method that allows to compare effects of gamma 
and UV radiation was developed. This procedure, permitting to determine the dose of UV light, is based on constant 
absorbance and continuous stirring of the sample during irradiation. 
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A cornerstone of modern biology is Darwinian evolution. By accepting the Darwinian evolution, we must postulate 
another form of evolution before this, and it is called chemical evolution. Thus, chemical evolution encompasses the 
study of physical and chemical events leading the formation of biological relevant molecules for the probiotic milieu. 
This process is considered a necessity for the emergence of recognizable living forms. Early Earth was extremely 
dynamic and chemically complex because the existence of different environments (atmosphere, lithosphere and 
hydrosphere, and the interfaces among them) where chemical evolution proceeded complicating the scenario. For the 
chemical processes a source of energy was also necessary.  

Several sources of energy have been proposed to contribute for the chemical evolution; among them are high-energy 
radiation and thermal energy. Several environments on Earth have temperature gradients. These gradients chemical 
reactions, for example, in volcanic hot springs, and especially in hydrothermal vents on the bottom of the ocean (some 
at moderately high temperatures). In these environments, the presence of radionuclides was also important for the 
synthesis or degradation of the present chemical compounds. Thus, radioactivity must be important because it has been 
present since the formation of the planet. During the supernova explosion, many of the chemical elements were 
synthesized, many of them with radioactive nature, allowing the synthesis /decomposition of organic molecules.  

In this context, the radiolysis and thermolysis of malonic acid in aqueous solution has been studied. The importance of 
this compound is because it might play a dual role as intermediate in the synthesis of other polycarboxylic acids and 
inhibiting important metabolic processes such as the Kreb's cycle.  

In our experiments, malonic acid was irradiated with gamma rays in oxygen-free aqueous solutions. The thermal 
decomposition was studied in a static system at temperatures from room temperature up to 90 °C simulating a 
hydrothermal vent. The main products obtained by the thermal treatment were acetic acid and CO2. The radiolysis of 
malonic acid yields carbon dioxide, acetic acid and di and tricarboxylic acids such as succinic, carboxy- succinic 
tricarballylic and citric acids. A numerical simulation of the chemical process taking place under irradiation was 
developed and it was being able to reproduce the time evolution of the products of irradiation and the consumption of 
the malonic acid. Finding these compounds are very important in chemical evolution studies as they are the source of 
the important building blocks of metabolic pathways. We experimentally identified the products by gas 
chromatography, and gas chromatography coupled to mass spectroscopy.  

This work was supported by PAPIIT Grant No. IN110712 and the CONACyT Grant No. 168579/11. One of us (JC) 
was supported by CONACYT grant. The support of Programa de Doctorado en Ciencias Quimicas is acknowledged. 



RADIATION CHEMISTRY -POSTERS 

235 

RCH-P07, (Id: 285) 
RADIOLYSIS OF FROZEN AQUEOUS SOLUTION OF METHANOL 
Sergio Ramos-Bernala, Adriana Melendeza, Maria Colin-Garciab, Diana Vazqueza 
aInstituto de Ciencias Nucleares, Universidad Nacional Autonoma de Mexico 
bInstituto de Geologia, Universidad Nacional Autonoma de Mexico 
 paninegron@gmail.com  

 
Comets contain a silicate core, an organic refractory inner mantle and an outer mantle, predominantly of water ices in 
which are embedded small particles. The spectroscopic analyses suggest the presence of molecules, such as ammonia 
(NH3), methane (CH4), formaldehyde (H2CO), methanol (CH3OH) and hydrogen cyanide (HCN). The possibility that 
comets collide with planets delivering such compounds made those bodies very attractive, connecting them with 
chemical evolution and the origin of life on Earth.  

Comets, since their formation, have been exposed, besides ultraviolet radiation, to high levels of ionizing radiation due 
to cosmic rays and decays of imbedded radionuclei. The bombardment by energetic particles profoundly affects the 
nuclei composition, and new chemical species are produced by radiolysis. Therefore, the radiation-induced reactions 
are very important when consider the evolution of the cometary material. The estimate of the total absorbed dose 
accumulated -from the internal radionuclides and external radiation- over a comet life-time is nearly 3000 MGy at the 
surface. For that reason, radiation chemistry can be a very precise and useful tool to simulate the evolution of organic 
molecules exposed to high-energy radiation during the life-time of a comet.  

In this work, we analyzed the results on irradiated frozen dilute solutions of methanol, as one of the components of a 
nucleus comet. As a result of the radiolysis at 77 K, the active radical species form the dimeric product, glycol. The 
irradiation was carried out in a 60-cobalt gamma source and the irradiation doses were from 2.5 kGy to 3000 kGy.  

This work was supported by PAPIIT Grant No. IN110513 and the CONACyT Grant No. 168579/11. The technical 
assistance from C. Camargo, B. Leal, and F. García-Flores is acknowledged. 
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Homochirality of certain organic molecules essential for all living organisms, such as the L-amino acids and the D-
sugars, has made the search for its origin an important issue in studies of the origin of life and evolution.  

Comets and asteroids are thought to include organic compounds imbibed in ices, rocks, and have been proposed as 
carrier of those compounds to the early Earth. Among the products detected in meteorites (carbonaceus condrites) are 
amino acids, which are key compounds for chemical evolution studies. The meteoritic amino acids are of the D and L 
optical isomers types with a lightly enantiomeric excess. The mechanism involved for this excess is still a debate. One 
theory involves the irradiation with high energy on racemic mixtures. The purpose of this work is to study the stability 
under irradiation of some amino acids (in solid state and in aqueous solutions). For this purpose, individual amino 
acids (L, D and D,L alanine, L, D and D,L serine and L, D and D,L phenylalanine) were exposed to different 
irradiation doses up to 90 MGy that is a dose higher than the calculated total dose that received a comet since it 
formation.  

The analysis of the samples was made by high performance liquid chromatography with a quiral column. The results 
show that the molecules under study presented great stability under gamma irradiation and the recovery is more than 
60 %.  

The support from CONACYT grant No.16857911 , PAPIIT grant IN110513 and Posgrado en Ciencias Quimicas is 
acknowledged. One of us (EA) was supported by a CONACYT fellowship. 
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Structure transformations owing to self-irradiation of materials by fission products of unstable isotopes constitute a 
special case of ageing phenomena. For instance, radio-decay of uranium and thorium atoms substituting zirconium 
atoms in the crystal lattice of zircon causes radiation damage and gradual amorphization of the mineral’s structure. 
This process called metamictization leads to negating of birefringence, lowering of the mineral’s refractive index, 
hardness and specific gravity.  

In our work, we consider theoretically intentional induction of ageing processes in materials via the introduction of 
small quantities of unstable nuclei in materials structure. It is argued that both mechanical and electronic properties of 
materials can be programmed over relatively large time intervals by the use of radioisotopes. The approach can open 
the route to novel materials with time-dependent functionalities. For example, radio-decay of unstable nuclei 
embedded in conductive polymers and dielectrics will enable the design of electrical resistors and capacitors with well-
defined time-dependent characteristics. Such electronic elements can be explored for creation of electronic circuits 
which self-activate or self-desactivate after a certain time interval. Incorporation of minuscule amounts of radio-active 
species (e.g. carbon-14, tritium) in the structure of polymers, such as polytetrafluoroethylene, can be investigated for 
presetting self-decomposition of plastic products to a certain term. Relaxation of internal mechanical stresses, 
amorphization and swelling driven by self-irradiation can be used for programming the configurations of mechanical 
systems (e.g. bending/unbending of bimetal films) over large terms.  

Possible implementations of the time-programmed materials and their perspective applications are discussed, as well as 
the radiation safety concerns and the choice of suitable radio-isotopes. V. Luchnikov, J Mater Sci (2009) 44:6294–
6301 
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CyMe4--BTBP and CyMe4--BTPhen are two prospective extractants for the European SANEX and/or GANEX 
processes for the recovery of minor actinides from a genuine spent nuclear fuel solution.[1] In such applications, 
radiation stability of the extractants and the influence of solvent irradiation on its extraction properties is one of the key 
factors determining feasibility of the extractant use in a process. [2]  

In this study, radiation stability of CyMe4-BTBP or CyMe4--BTPhen was examined in systems with series of 
cyclohexanone-based diluents. In addition to following the degradation of the extractant, major degradation products 
were identified and the impact of irradiation of CyMe4- BTPhen-based solvent on its extraction properties was 
followed.  

Cyclohexanone and a series of different alkylated cyclohexanone derivatives were used as diluents. Two sources of 
ionizing radiation were used – in one part of the study CyMe4--BTBP solutions were irradiated by accelerated 
electrons up to the absorbed dose 100 kGy; in the second part of the study both, the CyMe4--BTBP or CyMe4--BTPhen 
solutions were irradiated by gamma radiation up to the absorbed dose 400 kGy. Identifications and characterizations of 
the degradation products were performed by HPLC and MS analyses. Residual concentrations of both ligands were 
determined. The effect of the presence of HNO3 during the irradiation was studied for 2 selected solvents. Moreover, 
extraction properties of the irradiated CyMe4--BTPhen solvents were compared with the extraction properties of non-
irradiated solvents to estimate the influence of the degradation products in the organic phase.  

In case of CyMe4--BTBP in absence of the acid, a visible increase of stability was observed for systems containing 2-
Me-cyclohexanone or 2,6-di-Me-cyclohexanone diluents. However, preliminary results indicate that this protective 
action is probably lost in presence of the acid. From this point, the system containing 3-Me-cyclohexanone seems 
better due to uniform stability in presence/absence of the acid. Composition of main degradation products corresponds 
to reactions with particular solvent molecules and oxygen or water. From these results, it could be concluded that the 
main issue of stability of the extraction system is apparently connected with reactivity of the carbonyl function (or 
other highly polarized bonds) present in the solvent, which leads either to nucleophilic reactions of BTBP with the 
solvent or radical reactions proceeding apparently also at the same sites of the solvent molecule.  

The results of the study of extraction properties of the irradiated CyMe4--BTPhen solvents revealed that the decrease in 
D(Am) is slower in 3-methylcyclohexanone at lover doses, but at the dose of 400 kGy 2,6-dimethylcyclohexanone 
seems to prevent the extractant degradation better.  

References:  
[1] Warin, D.; Boullis, B.: Future Nuclear Fuel Cycles: Prospect and Challenges, In: Proc. Actinide and Fission 
Product Partitioning and Transmutation, 10th Information Exchange Meeting, pp. 221-226, Nuclear Energy Agency, 
OECD, Paris, 2010  
[2] Aneheim E, Ekberg C, Fermvik A, Foreman M, Grüner B, Hájkova Z, Kvicalova M.: A TBP/BTBP-based GANEX 
Separation Process – Part 2: Ageing, Hydrolytic and Radiolytic Stability. Solvent Extr Ion Exch 2011 ; 29, 157–175 
and the References therein. 
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A reliable solvent extraction process for separation of neptunium from irradiated nuclear fuels depends upon the 
maintenance of a valence state amenable to complexation by tributylphosphate (TBP). However, radiolytic generation 
of nitrous acid in irradiated nitric acid solution may reduce extractable Np(VI) into non-extractable Np(V). One 
complicating factor that has so far not been well investigated is the influence of the presence of an extracting organic 
phase on the redox speciation and extraction of neptunium during radiolysis; hence, the rates and total yields of 
radiolytic reduction of neptunium were measured in varying concentrations of nitric acid, both in the presence and 
absence of a 30% TBP/dodecane organic phase. In the aqueous solution, greater concentrations of nitrous acid were 
produced at higher nitric acid, although this did not necessarily result in faster reduction rates for Np(VI). This is likely 
because of oxidation of Np(V) directly by nitric acid and by oxidizing radicals produced by radiolysis of aqueous nitric 
acid. The presence of the organic phase appeared to protect Np(VI) from reduction, perhaps due to complexation by 
TBP 
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In course of construction of thermionic converter it is necessary to solve the problem of electrodes metal surface [1]. 

This paper presents the method and results of computer simulation of surface diffusion, adsorption, desorption, and β-
decay of 89Br on the surface of single-crystal tungsten, in both case at the presence, and at the absence of 133Cs on it.  

The simulation of all the mentioned processes was carried out by solving the system of partial differential equation 
with the appropriate boundary and initial conditions.  

As a result of this simulation it was shown that: - principal amount of 89Sr hits the surface of the tungsten collector by 
direct adsorption from the gas phase and not at the expense of β-decay of 88Kr, 89Kr, 89Rb, 89mY and 89Y in the 
adsorption layer. - joint diffusion and desorption of 89Sr with the presence on the surface of 133Cs is faster than a single 

89Sr.  

Literature  
[1] D.Yu. Lyubimov, I.I. Fedik, A.A. Shumilov, “Effet of fission products on the output power of thermionic EGC 
with communicatin 
[2] Ya.E. Geguzin,“Diffusion by real crystal surface” in Surface diffusion and…, Nauka, Moscow, 1969, p. 11-77.  
[3] R.Ya. Kucherov, D.Yu. Lyubimov, L.G. Smirnov, et al., “Modeling physicochemical processes on the surface of 
niobium-oxygen collector in a thermionic”, Materialovedenie, 2002, № 7, p. 11-17.. 
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To perform chemical experiments of superheavy elements (SHEs) on a single-atom scale, it is important to investigate 
the optimal experimental conditions in advance using long-lived and carrier-free radiotracers of their homologue 
elements. The isotopes 95gNb (T1/2 = 34.991 d) and 179Ta (T1/2 = 1.82 y) are the useful radiotracers for the basic studies 
of element 105, Db [1,2]. In this work, we measured the excitation functions for production of 95gNb and 179Ta as well 
as other isotopes in the proton- and deuteron-induced reactions on natZr and natHf for application studies. Experiments 
were performed with the AVF cyclotron at the RI Beam Factory in RIKEN, Japan. A well-established stacked-foil 
technique was used for measurements of the excitation functions. The stacks of natZr/natCu and natHf/natCu were 
irradiated by the 14-MeV proton beam, while those of natZr/natTi/natTa and natHf/natTi were irradiated by the 24-MeV 
deuteron beam. After the irradiation, gamma and X rays of each metallic foil were measured by Ge detectors to 
determine the activities of the produced nuclides. The cross sections of 90g,91m,92m,95m,95g,96Nb, 95Zr, 87g,88Y, 
175,176,177,178a,179Ta, and 175Hf were measured in the (p,x) reactions, whereas those of 90g,91m,92m,95m,95g,96Nb, 95,97Zr, 
87m,87g,88Y, 175,176,178a,179,180gTa, and 175,179m2,180m,181Hf were measured in the (d,x) reactions. The excitation function of the 
natHf(d,x)179Ta reaction was measured for the first time. The obtained cross sections were compared with the data in the 
literatures and with the theoretical cross sections calculated by the TALYS code [3]. In the proton-induced reactions, 
the calculation reproduced well the measured production cross sections except for some nuclides which have isomeric 
states. On the other hand, only the partial agreements among the measured cross sections and predicted ones were 
found in the deuteron-induced reactions. Thick-target yields of the observed nuclides were deduced from the measured 
production cross sections.  

References  
[1] W. Paulus et al., Radiochim. Acta 84, 69 (1999).  
[2] Y. Kasamatsu et al., J. Nucl. Radiochem. Sci. 8, 69 (2007).  
[3] A. J. Koning et al., TALYS-1.0. In: Proceedings of the international conference on nuclear data for science and 
technology, April 22-27, 2007. EDP Sciences, Nice, France, pp. 211-214. 
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Radiochemical analysis of 237Np is important in a number of fields, such as nuclear forensics, environmental analysis 
and measurements throughout the nuclear fuel cycle. However analysis is complicated by the lack of a stable isotope of 
neptunium. Although various tracers have been used, including 235Np, 239Np and even 236Pu, none are entirely 
satisfactory. However, 236gNp would be a better candidate for a neptunium yield tracer, as its long half-life means that 
it is useable as both a radiometric and mass spectrometric measurements. 236Pu is a valuable radionuclide itseld and has 
been routinely used as a yield tracer for analysis of plutonium in environmental and technological samples.  

Current study investigates the feasibility of 236Np and 236Pu production by (p,3n) reaction on natural uranium. The 
targets– either metallic uranium, U3O8 or uranyl nitrate– were prepared by compaction into copper or aluminium 
substrates, with a thin aluminium or titanium cover foil and irradiated with 25 MeV protons on the cyclotron at the 
University of Birmingham. Targets were cooled for 20 days to allow the short lived fission products to decay away and 
than chemically processed to separate Np and Pu fraction by solvent extraction, ion-exchange and extraction 
chromatography. The neptunium and plutonium fractions were assayed by γ- and α-spectrometry and the production 
yields were determined and discussed. 
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Radioisotope hybrid nanoparticles (NPs) such as Mn-56@SiO2, Sm-153@SiO2, and Dy-165@SiO2 were synthesized 
by neutron irradiation of the Mn-55@SiO2, Sm-150@SiO2, and Dy-163@SiO2 NPs using HANARO research reactor, 
respectively.  

The Mn-55@SiO2, Sm-150@SiO2, and Dy-163@SiO2 NPs were synthesized by calcinations of the hybrid NPs, which 
is prepared by sol-gel reaction of tetraethyl silicate in the presence of the complex precursors, in air flow at 500  for 
8 h.  

Mn-55, Sm-150, and Dy-163 for radiotracers were selected because these elements can be easily gamma-activated 
from neutrons (activation limits: 1 picogram (Dy), 1-10 picogram (Mn), 10-100 picogram (Sm)).  

The successful synthesis of the radioisotope hybrid NPs were confirmed via Transmission Electron Microscopy 
(TEM), Energy Dispersive X-ray Spectrometer (EDS), Scanning Electron Microscopy (SEM), and Gamma 
spectroscopy analysis, respectively. The synthesized the radioisotope hybrid NPs could be used as radiotracers in 
science, environmental, engineering, and industrial fields. 
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Modern technology in the field of microsystem technology allows producing subminiature and reliable devices for 
engineering and medicine. Energy for these devices should be also supplied from miniature and reliable power sources 
with a long service life. Atomic batteries (AB ) on the β-voltaic effect (the analog of the photovoltaic effect) most fully 
meet these requirements. Among possible β- emitting radionuclides nickel- 63 has most optimal characteristics. It is 
characterized by rather long half-life (100 years), soft β- radiation (17 keV), high specific power (~ 100 mkW/Ci) and 
chemical resistance.  

The efficiency of the energy conversion of β-radiation depends on both the construction features of the atomic battery 
and the degree of nickel -63 enrichment. The current technology of nickel -63 production are based on irradiation 
highly enriched nickel - 62 in super high neutron flux (1x1015 n/cm2s ). The degree of enrichment really attained by 
this technology is about 20 %. However, theoretical calculations and experimental studies show that for the AB 
production it is desirable to use nickel- 63 with enrichment no less than 80 %. This will allow nearly tenfold increase 
in the AB efficiency (from 0.3-1.0 to 20-25 %).  

For large-scale production of highly enriched nickel -63 (more than 80 %) we developed a procedure, which is based 
on irradiation of nickel -62 with mid-level enrichment in industrial nuclear reactors with "conventional" thermal 
neutron flux (5x1013 – 1x1014 n/cm2s). In the course of subsequent reprocessing we obtain intermediate product of 
nickel -63 with enrichment of about 6 %, which is then subjected to the centrifugal separation for preparing Ni-63 with 
80 % enrichment.  

Secondary product ( Nickel -62 ) remaining after enrichment of Ni- 63 can be reused. As a result, a virtually waste-free 
closed cycle of production is realized, which allows irradiation of the large volumes of raw materials without violation 
of the nuclear reactor operation.  

This technology allows the large-scale commercial production of nickel- 63 for nuclear batteries with reasonable cost 
for commercial use. 
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Cobalt-60 and iridium-192 sources are both generated in nuclear reactors through the irradiation of stable target 
materials. However, variation in: neutron energy, flux and irradiation time; target material characteristics and purity; 
the activation cross sections of the desired reactions; decay and daughter progeny in-growth; and any post irradiation 
processing, can play a key part in determining the isotopic and chemical composition of the material produced. These 
isotopic ratios, together with those of any activated elemental impurities, therefore have the potential to provide 
information relating towards not only the material’s production date, but also the source’s production route, irradiation 
history and original elemental and isotopic composition.  

Preliminary studies evaluating the effects of neutron spectra on radionuclide production using computational modeling 
have indicated a number of potential signatures. These signatures show significant variability depending on the reactor 
conditions employed, but need to be validated using materials of known production history prior to further utilisation. 
Chemical dissolution, separation and purification methods are therefore being developed for both source types to 
enable the isolation and detection of the isotopes of interest. Details of the techniques being used will be provided, and 
the various issues that source size, target purity and manufacturing conditions have on signature development and 
identification will be discussed.  

© British Crown Owned Copyright 2013 /AWE 
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Understanding polonium evaporation from liquid lead-bismuth eutectic (LBE) is crucial for the safe design of 
innovative spallation targets and accelerator driven systems in which LBE is used as target material and coolant. Po 
evaporation from LBE has been investigated by several research groups in the last decade [1-5]. However, these 
evaporation experiments were carried out at higher temperatures than the operation temperatures of LBE-based nuclear 
installations. Very recent data at operation temperatures suggested much larger Po vapor pressures than expected from 
extrapolations of high-temperature data [5]. This increased volatility of course could have significant impact on the 
safety approach for LBE-based installations. In the present work, we have investigated this peculiar low-temperature 
polonium evaporation behavior in detail.  

We carried out a series of time-dependent evaporation experiments below 500 °C using LBE doped with Po by neutron 
irradiation. The results revealed that the release of Po from LBE occurred in two stages. A first Po fraction already 
evaporated after short evaporation times. This fraction of Po was highly volatile, but was also depleted quickly during 
the first hours of the experiment. A second fraction of polonium dominated evaporation at longer times. The 
evaporation of this fraction was much more temperature-dependent. We also found that the short-time, highly volatile 
polonium was located at the sample surface, probably associated with a (Pb,Bi) oxide layer on top of the LBE sample. 
The bulk of the LBE did not show this volatile Po. Mathematical analysis of the data advanced two important 
conclusions: (i) the volatile surface polonium represented only a small fraction (10-4) of the total Po in the LBE 
sample and (ii) the bulk polonium evaporated according to the established high-temperature trend. These results 
showed that the apparently high Po vapor pressures observed in previous work [5] are caused by a small fraction of 
polonium in the sample and are a transient phenomenon.  
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Selenium-73 (half-life: 7.1 h; positron energy = 1.3 MeV) is a very promising radionuclide for application in positron-
emission-tomography (PET). With its optimal radionuclidic properties it is the only suitable option for PET-tracer 
analogues of sulfur-compounds and for authentic labelling of organic selenium molecules [1]. It is preferably produced 
by the nuclear reaction As-75(p,3n)Se-73 in the proton energy range of 40 → 30 MeV [2]. To produce adequate 
amounts of Se 73 for radiosyntheses, a suitable target material withstanding high beam currents is necessary. For this 
purpose an alloy of copper and arsenic has proven useful [3].  

The currently used dry distillation method [4] for isolation of the n.c.a. radionuclide did not prove reliable enough for 
routine use. Therefore a new wet-chemical method was developed for its separation from the irradiated target.  

Selenium 75 (half-life: 119.8 d), produced by the (p,n)-reaction on the same target material with 17 MeV protons, was 
used for the determination of mass distribution coefficients and separation factors, due to its longer half-life and easier 
production possibility at a smaller cyclotron. Therewith a two-step wet-chemical separation was developed and 
optimized. First, the bulk material of copper and co-produced radiozinc were separated from radioselenium and the 
bulk of arsenic by use of the cation-exchange resin DOWEX 50Wx8 and diluted hydrochloric acid as eluent. In a 
second step the separation of radioselenium from arsenic was attained using the anion-exchange resin DOWEX 1x8 
and diluted nitric acid as eluent. With this new separation method up to 94 ± 2 % of radiochemically pure 
radioselenium was obtained in 2 h without the use of any isotopic carrier.  

For a precise evaluation of the produced radioactivity the cross section data of the main nuclear reactions and relevant 
side reactions are necessary. Up to now, for arsenic-74 which is the major by-product in the production of selenium-73 
no cross section data in the proton energy range under consideration were reported. To close the existing gap and 
strengthen the available data for Se-73,75 production cross sections of the proton induced reactions As 75(p,pn)As-74, 
As 75(p,n)Se-75 and As-75(p,3n)Se-73 were measured in the energy range from 40 to 25 MeV. Based on the 
experimental results an excitation function for the formation of As-74 could be developed for the first time.  

References:  
[1] T. Blum, J. Ermert, H. H. Coenen, Nucl. Med. Biol. 2003, 30, 361.  
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[3] G. Blessing, R. Weinreich, S. M. Qaim, G. Stöcklin, Appl. Radiat. Isot. 1982, 33, 333.  
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Objectives: A very promising but so far rather less regarded non-standard PET-nuclide is titanium-45. Its low 
maximum positron energy in combination with the very weak γ-rays and its relatively long half-life of 184.8 min 
makes it especially suitable for investigations of slow (patho-)physiological processes. The radionuclide is accessible 
in high yields via the Sc-45(p,n)Ti-45 reaction and thus expands the scope of labelling possibilities. On the basis of 
recently specified γ- and positron-intensities of titanium-45 new cross section measurements for this reaction have 
been performed to further strengthen the data in the lower energy range which is especially relevant for the production 
of Ti-45. Further, a highly efficient separation of the n.c.a. product from bulk scandium is mandatory for medical 
application and therefore an improved procedure using the extraction-chromatographic resin DGA-normal was 
developed.  

Methods: For the investigation of the Sc-nat(p,n)Ti-45 reaction pure scandium oxide was sedimented on foils of 
aluminium. These sediments were covered with thin aluminium foils and irradiated using the stacked-foil technique. 
Foils of aluminium were also used as energy degraders and copper foils as beam monitors. In total three irradiations of 
15 minutes each were carried out at the BC 1710 cyclotron of the institute of the INM-5. The applied beam current was 
1 μA of protons with incident energy of 17 MeV.  

For production of radiotitanium, milled scandium ingots were irradiated with 12 MeV protons. The needed energy 
degradation was achieved with aluminium foils, whereas thin copper foils were used for beam monitoring. For the 
radiochemical separation the irradiated target was dissolved in 4 M HCl. Small amounts of this solution were added to 
pre-conditioned samples of 100 mg of DGA-normal resin at different concentrations of hydrochloric acid. These 
samples were shaken thoroughly for at least one hour. Resin and solution were separated and aliquots taken to 
determine the individual distribution coefficients using γ-ray spectrometry. Thus corresponding separation factors of 
the system (n.c.a.)Ti / (bulk)Sc were calculated.  

Results: The excitation function of the Sc-nat(p,n)Ti-45 reaction was revised based on the new radiation intensities 
showing a cross-section maximum of about 800 mbarn with 10 MeV proton energy. An improved radiochemical 
isolation of the n.c.a. product from the bulk scandium was successfully elaborated by utilization of the DGA-normal 
resin, showing a separation factor of more than 2500.  

Outlook: The optimized separation procedure developed in this work could be utilized in a semi-automatized HPLC-
based isolation of n.c.a. Ti-45, allowing high-yield production of this radionuclide for medical application. 
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The advantage of using the Auger electron emitter 195mPt (T1/2 4.02 days) in medical radiotherapeutic applications are 
two-food. First there is high yield of low energy beta/gamma radiation, where each decay leads to more than 30 
secondary electrons. Second, there is no radioactive contamination after the decay. Effective ways for optimization of 
the Pt isomer yield at low impurity content must be investigated.  

Here we report investigation of the possibility of production of isomer 195mPt by double neutron capture by the 193Ir 
target nucleus with consequent population of 195mPt through β− decay. This approach allows isolation of carrier-free Pt 
isotopes from the irradiated target using radiochemical methods. We developed a rapid and efficient method for 
dissolution of Ir metal based on anodic dissolution in aqueous solutions. In addition we developed a chemical 
separation procedure for the selective separation of 195mPt from solution (dissolved Ir target) using extraction 
chromatography. We performed a test experiment on Ir activation with neutrons at microtron MT-25 (FLNR, Dubna), 
and provided theoretical estimates for the 195mPt yield [1]. A future full-scale model experiment at the IBR-2 reactor in 
Dubna will clarify the practical efficiency of the method.  

The work was supported by Russian Foundation for Fundamental Research (project code 14-03-00745 А) and JINR 
grants No. 13-501-01 and 04-5-1076.  

[1] S.A. Karamian, N.V. Aksenov, Yu.V. Albin, A.G. Belov, G.A. Bozhikov, S.N. Dmitriev, G.A. Starodub. Methods 
for production of 195mPt isomer. Bulletin of the Russian Academy of Sciences: Physics. 2014, in press; JINR Preprint 
P15-2013-84; Dubna, 2013. 
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Generators of alpha-emitting radionuclides are of great interest for targeted therapy of cancer. Among possible 
generator pairs, 225Ac/213Bi and 223Ra/211Pb are the most promising. In addition to α-particle’s properties attractive for 
nuclear medicine such as short range (50-100 μm) and high linear energy transfer (up to 100 keV/μm) in biological 
tissue, the mother radionuclides 225Ac and 223Ra have half-lives (9.9 and 11.4 days, respectively) convenient for 
production, transportation and medical use of the generators. A recently developed method of irradiation of natural 
thorium with medium-energy protons may provide Ci-amounts of 225Ac and 223Ra monthly [1] and promote large-scale 
applications.  

In a usual generator scheme a mother radionuclide is adsorbed in a small volume at the top of chromatographic resin 
and a daughter is eluted. This scheme does not work well if used directly because the emitted α- and β-particles destroy 
the resin by radiation impact and radiolysis. The approach of generators 225Ac → 221Fr (4.9 min) → 213Bi (45.6 min) 
and 223Ra → 219Rn (4.0 s) → 211Pb (36.1 min) presented in this work consists in obtaining 213Bi and 211Pb via isolation 
of ultra short-lived intermediates 221Fr and 219Rn.  
225Ac was recovered from a proton-irradiated thorium target and contained ~0.2 % 227Ac (21.8 y) [2]. Actinium fraction 
was then adsorbed on a column filled with extraction-chromatographic Actinide Resin (TrisKem) using bis(2-
ethylhexyl) methanediphosphonic acid as an extractant. 221Fr was eluted with HCl or HNO3 solutions of various 
(0.016-1 M) concentrations. Having passed the column, the eluate was pumped through a pipe long enough for 221Fr 
decay into 213Bi. 213Bi was concentrated on a second column also filled with Actinide Resin. The solution after the 
second column was directed to the first column forming a closed loop. As a result, 213Bi was accumulated in the second 
column up to secular equilibrium with 225Ac which was maintained till the moment of 213Bi elution. Circulation of 
eluate provided permanent removal of radiolysis products from the columns. In order to strip off 213Bi the second 
column was switched from the loop to an elution line and solution of 1 M HCl was passed. The total yield of ~90 % 
was obtained. The radionuclidic purity of 213Bi solution was not less than 99.5 %.  
223Ra was recovered from the same thorium target and contained ~10 % 224Ra (3.7 d). The latter generates a similar 
decay chain 224Ra → 220Rn (55.6 s) → 212Pb (10.6 h). A solution containing radium fraction was evaporated on a quartz 
support which was then heated at 800°С in argon flow. 219Rn and 220Rn were sublimed and blown out into a silicone 
pipe where they decayed. Generated isotopes of lead deposited inside the pipe. The values of argon flow, pipe length 
and accumulation time may be chosen to regulate the impurity of 212Pb in 211Pb down to 0.1-0.5 %. After heating, 211Pb 
was stripped off from the pipe walls with small amount of 0.25 M HNO3 solution. The total yield of 80-85 % 211Pb was 
obtained. The radionuclidic purity of 211Pb solution was better than 99.9 % (except 212Pb). The presented generator 
based on gas chemical technique is highly resistant to radiation damage.  

[1] Ermolaev S.V., Zhuikov B.L., Kokhanyuk V.M., Matushko V.L., Kalmykov S.N., Aliev R.A., Tananaev I.G., 
Myasoedov B.F. Production of actinium, thorium and radium isotopes from natural thorium irradiated with protons up 
to 141 MeV. Radiochim. Acta, 2012, v.100, p.223-229.  
[2] B.L. Zhuikov, S.N. Kalmykov, S.V. Ermolaev, R.A. Aliev, V.M. Kokhanyuk, V.L. Matushko, I.G. Taranaev, B.F. 
Myasoedov. Production of 225Ac and 223Ra by irradiation of Th with accelerated protons. Radiokhimiya, 2011, v.53, 
p.73-80. 
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Radioactive lanthanides have become an important imaging, diagnostic and therapeutic tool in the medical field. For 
example, the neutron rich samarium isotope of 153Sm has been proven to have desirable characteristics for treatment of 
bone cancer. However, for medical purposes, the radioactive lanthanide isotope must be produced at high specific 
activity, i.e. low concentration of inactive carrier, so they are both beneficial for therapy and the concentration of the 
metal ions does not exceed the maximum sustainable by the human body. The objective of our research is to produce 
radioactive lanthanides with high specific activity in a small-scale research reactor using the Szilard-Chalmers method. 
Our preliminary experimental results show a decrease of 34 % in the amount of Lanthanide needed for a typical 
medical procedure. We propose an innovative experiment setup to instantaneously separate the radioactive recoil 
product formed during irradiation from the bulk of non-radioactive ions. The instant separation prevents the recoiled 
radioactive nucleus from reforming its original bonds with the target matrix and chemically separates it from the non-
radioactive target matrix, resulting in a carrier free radiolanthanide with increased specific activity. We will present 
methods for preparation and synthesis of the material used for irradiations and the results of enrichment factors and 
extraction yields in radioactive lanthanide solutions. We will also investigate degradation by ionizing radiation that 
occurs during neutron activation to determine the stability of the target material during irradiations. The obtained 
results will be compared to previously published methods and their corresponding results. 
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99mTc is one of the most often applied radioisotopes in diagnostic imaging. 99mTc is typically supplied to hospitals in 
the form of a 99Mo/99mTc generator in order to facilitate regular availability. The 99Mo used to produce these 
generators is a fission product of 235U, and therefore it can only be obtained from just a few nuclear reactors in the 
world. The goal of this work is to investigate sorbent materials that are efficient enough to adsorb large quantities of 
Molybdenum to allow the use of 99Mo produced by alternative production routes, such as neutron capture of 98Mo, i.e. 
98Mo(n,γ)99Mo, which is possible in large number of nuclear reactors.  

We have investigated the adsorption capacity of two different aluminum based materials, namely mesoporous 
aluminum oxide and aluminum oxide nanopowder, and compared them to the conventionally used in generators, 
namely acid activated aluminum oxide. The kinetic experiments used to determine the adsorption rate showed that the 
nanopowder has the fastest adsorption (less than 30 s) followed by the mesoporous material and finally the acid 
activated aluminum oxide. Adsorption isotherms were conducted at pH 2, revealing adsorption capacity of 249 mg/g 
(nanopowder), 232 mg/g (mesoporous) and 28 mg/g (acid activated aluminum oxide). The capacities were calculated 
using the Langmuir extended isotherm model (1). The 99mTc elution was evaluated using 99Mo produced from the 
98Mo(n,γ)99Mo reaction. After the adsorption process the sorbers were rinsed with HCl 0.1 M twice, and once with 
buffer of pH 7.4 in order to eliminate the non-adsorbed Mo and adjust the pH. Finally 0.9 % NaCl solution was added 
to the sorbers and they were left to equilibrate. The elution experiments were performed every 24 hours in order to 
simulate a real generator. The total activity and the activity of the supernatant of 99Mo and 99mTc were measured in a 
NaI(Tl) gamma counter to estimate the amount of each radioisotope that it is eluted and respectively retained on the 
sorber after elution. The elution efficiency of 99mTc for the acidic activated Al2O3 was 52±16 % and 53±17 % for 100 
and 200 mgMo/gsorber respectively. The mesoporous Al2O3 had a 99mTc elution efficiency of 75±8 for 100 
mgMo/gsorber and a breakthrough of 0.8±0.2 % 99Mo. The 99mTc initial elution efficiency was nearly 100 %, but the 
breakthrough was also higher, i.e. 13 % for the same material but at higher Mo concentration (200 mgMo/g). 
Subsequent elution showed 77±10 % 99mTc removal efficiency and the Mo breakthrough was reduced to 3±1. It is 
concluded that the Al2O3 nanopowder and mesoporous materials are good candidates as sorbent materials in 
99Mo/99mTc generators using 99Mo having low specific activity, i.e. produced by different production routes than 
fission.  

[1] Zhang, P.; Wang, L. (2010) Extended Langmuir equation for correlating multilayer adsorption equilibrium data. 
Separ. Sci. Technol., 70: 367–371 
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Cyclotron production of Tc-99m via Mo-100(p,2n) reaction seems to be viable alternative to Mo-99/Tc-99m 
generators. It is already known that 1) one cyclotron is able to cover daily consumption of large metropolitan area (up 
to 1.7 GBq at EOB), 2) target processing and separation of Tc-99m as pertechnetate is more or less solved problem 
including recycling of Mo-100, 3) enough high enrichment of Mo-100 (> 99.5 %) that reduces formation other Tc 
radioisotopes to acceptable levels is available, 4) time schedule of the separation and quality control seems to comply 
with Tc-99m half-life and estimated period of validity, 5) economical aspects of the cyclotron production of Tc-99m 
do not seem to be as disadvantageous in comparison with reactor-based production of Mo-99/Tc-99m generators as 
originally thought. Anyhow, there are still several open questions that are thoroughly discussed today. Among them, 
question of radionuclidic impurities impact on both radiation burden and specific activity of cyclotron-produced Tc-
99m plays and important role.  

In contrast to generator-produced Tc-99m, cyclotron-produced Tc-99m does not in principle contain any highly 
radiotoxic and long-lived impurities. However, its production results in formation of technetium radioisotopes, mainly 
Tc-93 (2.75 h), Tc-94 (4.88 h), Tc-95m (61 d), Tc-95 (20.0 h), Tc-96 (4.28 d) and Tc-97m (91 d). Our recent 
measurements of their production rates [1] makes possible to predict their relative percentage in the product as function 
of Mo-100 isotopic composition and irradiation & cooling times. The highest increase of radiation burden is due to Tc-
95 and Tc-96. Anyhow, we have estimated total increase of patient radiation burden due to all present Tc radioisotopes 
in the most widespread Tc-99m-based radiopharmaceuticals based on calculations performed with use of RADAR and 
ICRP data [2,3]. They clearly showed that radiation burden increase due to co-produced Tc radioisotopes can be in 
order of a few percents related to administered dose of Tc-99m itself, even for relatively high beam incident energies.  

Co-production of long-lived Tc-99g and Tc-98g that is negligible from dosimetry point of view, lowers specific 
activity of cyclotron-produced Tc-99m. Several authors have expressed misgivings concerning this parameter [4]. We 
have, therefore, tested many kits for preparing majority of Tc-99m based radiopharmaceuticals for compatibility with 
Tc-99m prepared by irradiation of Mo-100 with 24MeV protons. We have never noticed any problem with labelling 
yield or radiochemical purity. It should be noted that slight "carrier-addition" may even improve labelling yield, since 
substrate is usually present in large surplus (many orders of magnitude) in comparison with chemical amount of 
pertechnetate. Quality of cyclotron-produced Tc-99m pertechnetate was tested by established Pharmacopoeia methods, 
if applicable. In a few particular cases, alternative methods were employed. No significant qualitative difference 
between cyclotron-and generator-produced Tc-99m was observed. Also quality control of reconstituted commercial 
kits with cyclotron-produced Tc-99m has shown no difference to generator-produced Tc-99m up to now. Such results 
strongly support viability of cyclotron production of Tc-99m as daily supply to hospitals both in emergency cases or 
regularly. The work was supported by the Nuclear Physics Institute of the Academy of Sciences of the Czech Republic 
(RVO 61389005) and by Natural Resources Canada’s Non-reactor-based Isotope Supply Contribution Program 
(NISP).  
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The paper summarizes the results of radiological decontamination of several different types of indoor building 
surfaces, which were contaminated by radioactive suspension in two different contamination mixtures. The aim of the 
study was to develop techniques for application of the prepared contamination mixtures to various surfaces, which 
were then used for testing of selected decontamination solution.  

The experiments were carried out in the Mobile Modular Laboratories, which were designed for decontamination 
procedures of NBC agents in The National Institute for Nuclear, Chemical and Biological Protection in Kamenná in 
the Czech Republic (SÚJCHBO, v. v. i.).  

The radiological contamination was performed by the radionuclide La-140, which had been prepared by irradiation of 
isotopically natural lanthanum nitrate in 0.1M nitric acid solution in nuclear reactor LVR-15 in Research Centre Rez. 
Radiochemical purity of the final La-140 in nitrate solution was higher than 99 %.  

The isotopic carrier lanthanum nitrate was added to the solution and then the lanthanum carbonate was precipitated by 
sodium carbonate or sodium hydrogen carbonate solutions. Using the precipitate, two contamination mixtures were 
prepared. The first one, lanthanum carbonate suspension in water, was applied onto the testing surface by spraying. 
The second contamination mixture was prepared of lanthanum carbonate mixed together with montmorillonite (i.e. 
aluminum pillared clay). In this case, the surface contamination was carried out mechanically using a special mould 
constructed in SÚJCHBO, v. v. i.  

The surface activity of contamination and following decontamination levels were measured by hand held-survey meter 
Colibri TTC with SABG 15+ alpha/beta/gamma probe made by Canberra Packard. In the decontamination 
experiments, various interior surfaces were tested to evaluate their suitability for decontamination together with 
selected decontamination solution. For decontamination tests, materials as plaster board covered with an interior paint 
(Primalex or Betex) on the surface, glass, floor and wall tiles, plastic materials, anti-slip aluminium sheets and floating 
floor were used.  

The military decontamination solution ODS-5 distributed by Oritest was used for surface decontamination, which was 
provided by wetted pad three times in one direction and then with the same pad three times in the perpendicular 
direction. The results show that for the first contamination mixture (the lanthanum carbonate suspension in water) 
applied, the radiological decontamination efficiency varied in range 81.6 - 99.9 %. For the second mixture, the 
decontamination efficiency between 67.6 - 99.7 % was achieved.  
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Production of 99Mo/99mTc generator using Szilard-Chalmers reaction Y. Hatsukawa, K. Tsukada, K. Hashimoto,T. 
Sato, M. Asai, and A. Toyoshima, Japan Atomic Energy Agency, Tokai, Ibaraki, JAPAN We proposed and propel a 
99Mo production project via the 100Mo(n,2n)99Mo reaction using fast neutrons from accelerator.(1,2) Only low specific 
radioactive 99Mo, however, can be obtained in this method. In our project, 99mTc would be extracted from low specific 
radioactive molybdenum irradiated target, and then technetium labeled compounds from the purified 99mTc will be 
synthesized and deliver to the end user. Although labeled technetium compounds would be available, small scale 
technetium generator is still required in medical facilities. In this paper, feasibility study of production of high specific 
radioactive 99Mo using Szilard-Chalmers reaction from molybdenum nanoparticle target with accelerator neutron 
reactions was carried out.  

As neutron irradiation target, molybdenum nanoparticles were prepared by grinding with potassium chloride (KCl) 
powder, then pressed into a 10mm diameter disk. About 1.2 gram of the Mo/KCl target which contained about 100 mg 
molybdenum nanoparticles was irradiated with accelerator neutrons for 5 hours. After fast irradiation, the Mo/KCl 
target was dissolved in pure water, then solution and molybdenum nanoparticles were separated by centrifuge method. 
The solution contained recoiled 99Mo ion by fast neutron reactions was poured into alumina column. About 7 % of 
99Mo produced in the Mo/KCl target was absorbed onto the alumina column. Technetium-99m was obtained by 
pouring saline solution through the alumina column of immobilized 99Mo.  

References  
[1] Y. Nagai and Y. Hatsukawa, J. Phys. Soc. Jpn, 78 (2009) 033201 2) Y. Nagai et al., J. Phys. Soc. Jpn, 82 (2013) 
064201 
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Radiotracer applications for solid phase studies can be done employing radioactive labeling as an alternative in 
countries where there aren’t nuclear facilities to activate materials. In the present work, supported on silica gel/zeolite 
nano scaled zero-valent iron (FS/FZ) were synthesized in ethanol medium under atmospheric conditions and labeled 
with Technetium-99m in order to obtain a solid state radiotracer for further industrial applications. Technetium-99m (

Tc 99m) sorption and immobilization on the support material were studied. An experimental design 2¬3 was carried 
out to evaluate the influence of different Ferrragel synthesis parameters (m( FeSO 4∙ 7H 2 O(s), (m(sílica))⁄(m(

FeSO 4∙ 7H 2 O(s) ) and (ν(NaBH4))⁄(ν(Fe)) ratios) in the sorption yield (R_(ret %)). It was also investigated 
the time needed for solid/aqueos phase separation by free sedimentation and centrifugation. Presence of Fe¬0 was 
proved by powder X-Ray Diffraction (XRD). Furthermore iron-on-silica Ferragel (FS) stability in time and stability of 
the labeling ( Tc 99m) of FS and FZ in water presence were also explored. It was proved the Ferragel capacity for 
Tc 99m retention in the solid phase using both supported on materials with (R_(ret %)) of 99 %. Both Ferragels 
demonstrated to be perspectives as solid radiotracers. 
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The global demand for the rare earth elements has been dramatically enlarged. Therefore, it needs a detailed 
understanding in ore chemistry and separation methods. To simulate these processes, we will use the radiotracer 
technique. 135La (T1/2 = 19.4 h) was choosen as a typical representative element (radionuclide) for the rare earth 
elements. The isotope can be produced by the nuclear reaction 135Ba(p,n)135La at a cyclotron. We used our recently 
installed cyclotron Cyclone® 18/9 (IBA) by irradiation of the isotope enriched 135Ba (94.9 %). The [135Ba]BaCO3 was 
pressed in an aluminium holder with a diameter of 3 mm and a depth of 300 μm . The target was covered by a 100 μm 
thick aluminium foil to avoid loss of the material during irradiation. The irradiation was done at a beam of 18 MeV 
protons and a current of 20 μA for 7 hours. After cooling for 2 hours the [135Ba]BaCO3 was dissolved with 2 ml 0.095 
M nitric acid. The separation of the radionuclide 135La and the target material 135Ba was performed by ion exchange 
chromatography with Ln-Resin-C (TRISKEM). The target solution was eluated on the resin and the resin was washed 
four times with 2 ml 0.095 M nitric acid to remove the 135Ba. Afterwards, the 135La was stripped by triple washing of 
the resin with 6 M nitric acid. The combined 135La solutions were evaporated to dryness and the residue was dissolved 
in 0.1 M nitric acid. The detection of 135La was done by liquid scintillation counting. The target material was recovered 
by evaporating the 135Ba fractions to dryness, dissolving the residue with water and precipitation of the carbonate by 
bubbling with carbon dioxide. 
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Even today the generator-produced radionuclide 99mTc is used for the vast majority of nuclear medical diagnoses. The 
parent radionuclide 99Mo is generally produced via fission of highly-enriched 235U, however, at a few nuclear reactor 
sites in the world only. Due to ageing reactors the world supply of fission-produced 99Mo has become somewhat 
insecure over the last few years. Alternative methods of direct production of 99mTc using accelerators are therefore 
presently attracting great attention. The (p,2n) reaction on highly enriched 100Mo appears to be the most promising one. 
Over the years several cross section measurements thereof have been reported.  

However, a critical analysis of the data and the influence of co-produced long-lived Tc-isotopes on the specific activity 
of 99mTc need to be critically considerated. From 100Mo the two long-lived radioisotopes 99gTc and 98Tcare co-
produced. 99gTc is formed directly by the 100Mo(p,2n)99gTc reaction and indirectly via the decay of 99Mo and 99mTc 
during irradiation and after EOB. 98Tc is generated by the 100Mo(p,3n) reaction directly.  

We calculated excitation functions for the formation of 99Mo and 99mTc as well as for the long-lived technetium 
isotopes 99gTc and 98Tc by the code TALYS for the proton-induced reactions on 100Mo. For the first two nuclides 
calculations were also performed using the code STAPRE. The direct and indirect production of 99mTc was critically 
analysed. The integral yields of 99Mo, 99mTc, 99gTc and 98Tc were calculated for four chosen irradiation times as a 
function of proton energy. Therefore the activities of 99Mo and 99mTc as well as the number of atoms of 99mTc, 99gTc 
and 98Tc were deduced for six realistic proton energy ranges.  

The dependence of the specific activity of 99mTc was calculated in relation to energy range, irradiation and cooling 
time. The specific activity of 99mTc produced directly at a cyclotron was critically compared with that obtained from a 
fission 99Mo loaded generator. The long-lived isotopes 99gTc and 98Tc cause no significant radiation and mass dose to 
the patient but have a strong influence on the specific activity of the cyclotron produced 99mTc depending on the 
production conditions. At a suggested 22 MeV incident proton energy, for example, the ratio of long-lived Tc nuclei to 
99mTc nuclei may far exceed 5.0, thereby possibly affecting the kit formulation of radiopharmaceuticals and also 
exceeding the limits set by radiopharmaceutical regulations, e.g. in Italy. Thus, detailed experimental and theoretical 
investigations related to the effect of a decreasing specific activity of 99mTc on the preparation of radiopharmaceuticals 
appear absolutely necessary. 
  



PRODUCTION AND APPLICATION OF RADIONUCLIDES - POSTERS 

 

264 

PAR-P06, (Id: 72) 
CROSS SECTION MEASUREMENT OF DEUTERON INDUCED NUCLEAR REACTIONS ON GE UP TO 
50 MeV: STUDY OF POSSIBLE PRODUCTION ROUTES FOR 74AS AND 77AS RADIONUCLIDES 

Sandor Takacsa, Marcell Peter Takacsa, Alex HermannebFerenc Tarkanyia 
aInstitute for Nuclear Research, Hung. Acad. Sci. Bem ter 18/c Debrecen, H4026 Hungary 
bCyclotron Department, Vrije Universiteit Brussel, Laarbeeklaan 103, Brussels B1090, Belgium 
 stakacs@atomki.hu  

 
The radionuclides 71As, 72As and 74As have decay properties that are favorable for use in PET investigations, while the 
heavier isotopes 76As and 77As could potentially be used for tumor therapy. Due to their longer half-lives the 
compounds labeled with these 5 radionuclides can be used for studying of long-term biological phenomena. Studying 
antibodies, which usually have a long biological half life and do not reach optimal target to background selectivity for 
several days, could be one of their applications.  

The cross sections of nuclear reactions induced by deuteron particles on natural germanium targets were investigated 
by the activation method using stacked target irradiation and standard high resolution gamma spectrometry. Targets 
were natural germanium deposits with nominal thickness of about 2 micrometers, vacuum evaporated onto 25 micron 
thick polyimide (kapton) foils. The stack was composed of 26 kapton-Ge-Ge-kapton sandwich targets interleaved with 
26 aluminium and 26 titanium foils (nominal 150 and 11 micrometers thickness respectively). The Al foils served as 
monitors and at the same time energy degrader in the high energy part of the stack while the Ti foils served as monitors 
in the low energy part of the stack. The irradiation was done with a 50 MeV deuteron beam of about 50 nA for about 1 
hour. Activation cross sections were determined for production of the radionuclides 70,71,72,73,74,76As, 69,75,77Ge and 
66,67,68,72,73Ga. The deduced experimental cross sections were compared to the results of theoretical calculations taken 
from the TENDL-2013 data library based on the TALYS computer code. The experimental data published earlier were 
collected and critically compared to our new results. Thick target yields were deduced from the experimental cross 
sections and were compared with literature data. The possible production routes of the most interesting arsenic 
radionuclides (77As and 74As) are discussed. 
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Samarium-153 is a part of chemicals used for therapy of cancerous growth and inflammatory disease of bone tissue. 
153Sm is generated by irradiating 152Sm in either a nuclear reactor or charged-particle accelerator.  

A natural mixture of samarium isotopes contains only 26.75 % of 152Sm; when irradiated, the specific activity of the 
generated 153Sm is not enough to use it for the nuclear medicine purpose. Therefore, the initial material enriched in 
152Sm is used to produce 153Sm. Nowadays, the material is enriched by an electromagnetic mass-separation.  

JSC SSC RIAR produces 153Gd from europium targets irradiated in the BOR-60 reactor. When irradiating europium in 
a fast spectrum, a short-lived isomeride 152mEu generates, of which decay takes place in two directions: generation of 
152Gd (72 %) and generation of 152Sm (28 %). The generated 152Sm is practically monoisotopic. Impurities of other 
samarium isotopes result from reaction 153Sm(n,γ) and threshold reactions with a participation of fast neutrons. When 
extracting 153Gd from irradiated targets, it is purified from impurities, including samarium, europium and terbium. 
Thus, highly-enriched stable isotope 152Sm is a side product of the 153Gd production and it can be separated from the 
production waste. Under this work, an experimental sample of 152Sm was separated from a fraction resulted from the 
purification of commercial batches of 153Gd. The separation and purification were performed by an extraction 
chromatography using sorbent DAF/Teflon. The DAF content was 25 %wt. The 152Sm-containing solution was 
evaporated to dryness. The residual was dissolved in 50ml of 0.1M HNO3 and the solution was then put through a 
column 50ml in volume. Samarium, europium and gadolinium were eluted with 0.65M HNO3 1.2l in volume. The 
activity of impurity isotopes in the column effluent was measured using gamma-spectrometry; the samarium content 
was evaluated by an atomic-emission analysis.  

As a result, a 99.52 %-enriched experimental sample 152Sm(NO3)3.6H2O was generated, of which enrichment exceeds 
the one of 152Sm in the commercial off-the-shelf chemicals produced by the electromagnetic mass-separation. The 
content of other samarium isotopes is as follows: 147Sm – 0.01 %, 148Sm - 0.02, 149Sm - 0.19, 154Sm – 0.26 %. The 
content of radioactive isotopes 152Eu and 154Eu makes up ~560 and 620Bq/g, respectively. 
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Objectives: 45Ti with a half-life of 3.08 h is a positron emitter radioisotope with a positron branching of 85 % and also 
decays 15 % by electron capture with E ( β+max ), 1.04 MeV. The high β+ yield, short half-life and a stable daughter 
make 45Ti a suitable candidate for positron emission tomography (PET) imaging .This properties makes this 
radionuclide useful in the diagnosis of tumors.  

Methods: In this study after considering the excitation functions for 45Sc(p,n)45Ti reaction using TALYS and 
ALICE/ASH codes and comparison with other experimental data’s, 45Ti was produced by dint of pressing method with 
newly designed and manufactured shuttle and capsule. Essential target thickness and physical yield were calculated.  

Results: new method for production and purification of 45Ti was evaluated. The scandium oxide target was irradiated at 
20 μA current and 21 MeV proton beam energy for 1h.experimental yield of 403.3 MBq/μAh was reported  

Key words: 45Ti, Radiochemical Separation, Pressing Method. 
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Due to its nuclear characteristics, the Auger electron emitter isomer 195mPt (T1/2 = 4.02 d) is a promising radionuclide 
for radioimmunotherapy. We performed a test experiment to produce the isomer 195mPt by double neutron capture by 
the193Ir target nucleus with consequent population of 195mPt through β− decay, and provided theoretical estimates for 
the 195mPt yield [1]. One of the advantages of the proposed approach is the possibility to isolate 195mPt from irradiated 
Ir target (in the form of metal powder) using radiochemical methods. It is known that iridium is a very hard, refractory, 
difficult to dissolve transition metal of the platinum group. Currently used methods of dissolving iridium do not meet 
the requirements for isolation of theragnostic radionuclides. We utilized anodic corrosion using alternating currents 
and solutions of hydrochloric and nitric acids that are used as electrolytes to study dissolution of Ir metal. We 
determined optimum conditions for electro dissolution of irradiated 193Ir metal powder. In this work we also described 
and discussed details of the procedure.  

The work was supported by Russian Foundation for Fundamental Research (project code 14-03-00745 А) and JINR 
grants No. 13-501-01 and 04-5-1076.  

[1] S.A.Karamian ,Aksenov N.V.,Albin Yu.V.,Belov A.G.,Bozhikov G.A.,Dmitriev S.N.,Starodub G.A. Methods for 
production of 195mPt isomer. Bulletin of the Russian Academy of Sciences: Physics. 2014,in press; JINR Preprint 
P15-2013-84; Dubna, 2013. 
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ABSTRACT Tajoura Nuclear Research Center (TNRC), Libya, will implement the technology for 99Mo isotope 
production using LEU-foil target (This target is made of a LEU metallic uranium foil inserted between two concentric 
aluminum cylinders), to obtain new revenue streams for the TNR-reactor and desiring to serve the Libyan hospitals by 
providing the medical radioisotopes. Korean target will be used in this work which will be irradiated for 72 hours in 
the reactor core at flux equal to 1.0 x 1014 N/Cm2.S. The target will stay 10 h. in the reactor pool for cooling before 
disassembling it inside a hot cell located in the reactor building. The LEU-foil will be transferred to chemical hot cell 
pneumatically. A special set up has been designed for the processing of LEU-foil. The set up consists of the dissolver 
with controlled pressure, nitric acid will be used for dissolution, cold trap cooled in liquid nitrogen for removing the 
fission gases, precipitation of Mo-99 by fresh 2 % alpha-benzoin-oxime will be done and purification of the final 
product by using two chromatographic columns: the first one contains AgC ( carbon coated with silver nitrate) and the 
second one is a combined column with C, HZO-1 (hydro zirconium oxide) and AgC. The final product of Mo-99 
solution will be filtered with 0.22 μm filter. The final radioactivity of Mo-99 expected to be >150 Ci and 95 % purity. 
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99mTc is at present, without any doubt, the most extensively used radiotracer in nuclear medicine imaging [1]. Usually, 
the operation period of research reactors used for the production of 99Mo is about 40-50 years. Most reactors used in 
the preparation 99Mo have already reached this age, or will reach in the near future. There is a growing interest in 
exploring cyclotron production of 99mTc using 100Mo(p,2n)99mTc reaction, a method first proposed by Beaver and Hupf 
nearly 40 years ago [2]. There is a real necessity to develop separation technologies suitable for use in novel modes of 
99mTc production. Separation of technetium from irradiated molybdenum may be carried out using either ‘‘wet’’ or 
‘‘dry’’ chemical processes. “Wet” separation techniques require dissolving of the metallic target under oxidative 
conditions and then separation of pertechnetate can be achieved using one of many strategies, e.g. liquid–liquid 
extraction [3], ion-exchange chromatography [4], aqueous biphasic extraction chromatography using ABEC resin [5] 
and electrochemistry [6].  

The aim of our studies is to investigate the possibility of separating microquantities pertechnetate from macroquantities 
molybdate anions. These studies have been carried out using a natural molybdenum powder. Molybdenum forms 
heteropolyacids such as ammonium molybdenum phosphate (AMP) precipitating as a characteristic yellow solid. In 
the first step metallic molybdenum target is dissolved in 3,5 M HNO3. Next, triammonium phosphate is added and Mo 
is precipitated from the solution according to the reaction:  

(NH4)3PO4 *3H2O + 12MoO4
2- + 24H+ (NH4)3P(Mo3O10)4  + 5H2O  

We have optimized four parameters of the process: NH4NO3 and (NH4)3PO4•3H2O concentrations, temperature and the 
time of precipitation. From performed studies it can be concluded that the proposed process is promising and allows 
fast separation of macroamounts of Mo from the solution without co-precipitation of 99mTc. After optimization of the 
precipitation conditions, the lowest concentration of MoO4

2- was only 0.37 mg ml-1. The final solution may be 
required additional purification by separation of 99mTcO4

- by ABEC resin, extraction by HDEHP or by nano-ZrO2.  

Acknowledgments: This work was carried out as part of the Applied Research Project PBS1/A9/2/2012, p.t. 
„Alternative methods of 99mTc production” supported by The National Centre for Research and Development, Poland.  

[1]. Arano Y.: Annl Nucl Med,16:79–93 (2002).  
[2]. Beaver J, Hupf H.: J Nucl Med 12, 739–41(1971).  
[3]. Dallali N., Ghanbari M., Yamini Y., Fateh B., Agrawal Y. K.: Indian. J. Chem. Sect. A, 46A, 1615–1617 (2007).  
[4]. Chattopadhyay S., Das S.S., Das M. K., Goomer N. C.: Appl Radiat Isot., 66, 12, 1814-7 (2008).  
[5]. Rogers R. D., Bond A.H., Griffin S.T., Horwitz E.P.: Solvent Extr. Ion Exch., 14: 919–946 (1996).  
[6]. Chakravarty R., Dash A., Venkatesh M.: Nucl.Med.Biol., 37, 21–28 (2010). 
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In the recent years there has been significant interest in the production of certain isomers, especially the ones with 
potential applications in the field of nuclear medicine. 117mSn has been considered as an emerging radio therapeutic 
isotope, which is particularly promising due to its favorable nuclear decay proprieties: T1/2 = 13.60d, 100 % IT decay 
mode and main gamma emission of 159 keV (86 %). There are number of potentially available ways for the production 
of 117mSn. In the current study the cyclotron method for 117mSn production by α-particles induced reaction on 116Cd has 
been investigated. The target consisting of enriched 116Cd (98 %) in oxide form was irradiated at U-200 under the 
following conditions: beam current 5,5 μA and energy of the accelerated α-particles 35 MeV. The cross section of 
reaction 116Cd(4He,3n) has been taken in consideration in order to optimize the irradiation conditions. For 117mSn 
separation from the target material La(OH)3 and LaF3 precipitations were used. In order to achieve deep purification 
and concentration, ion exchange chromatography was applied using a micro column loaded with Dowex 1x8 resin in 
F- form.  

The radiochemical recovery of 117mSn through the separation procedure was above 90 %, with high specific activity of 
the final product. This work was partially supported by JINR grants No. 13-501-01 and 04-5-1076 and Federal Grant-
in-Aid Program «Human Capital for Science and Education in Innovative Russia» (Governmental Contract No. 8176) 
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This theme is the first step to research and develop novel technologies and procedures for recycling and valorisation of 
historical radiation sources containing Ra-226. Recycling would include their reprocessing to a form suitable for 
irradiation in a nuclear reactor, production and separation of Ac-227 from Ra-226 and its use for the construction of 
Ac-227 /Ra-223 radionuclide generator. Ra-226 would be recycled and reused in next irradiations. Ra-223 would then 
be used for the preparation of radiolabeled biologically active compounds and verification of their properties in model 
in vitro and in vivo systems (cell cultures, small laboratory animals, plants).  

In the first step, a method for opening and processing the radium needle under adequate radiation protection was 
proposed. For the handling with Ra-226 a procedure and equipment for its processing was designed. Source of Ra-226 
(radium needle) with required documentation was obtained and semi-hot cell for opening radium needle with research 
of radium needle was prepared. This theme of project TA03010027 is supported by TA CR. 
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Anthropogenic nuclides as: Pu, Am, Np and other actinides are present in the components of terrestrial and marine 
ecosystems as a result of atmospheric nuclear weapon tests, nuclear accident and releases from nuclear installation. In 
recent years, radiological situation of Pu and Am in environment become better understood since measurements of 
these elements were more common. This is not the case of Np (Np-237). One of the most important reason of it is lack 
of available isotopic spike for chemical recovery of Np fraction from samples. Our goal was to test and develop a 
methodology of purification Np tracer from wide range of elements. For this purpose, uranium (U-235, U-238) target 
was activated by proton beam (E = 30 MeV or E = 60 MeV, respectively, Imax<40nA) in cyclotron AIC-144 at the IFJ 
PAN (Poland). One of the products was Np-234 –gamma decay transuranic element with T1/2 = 4.4 days. Activated 
target , which was a mix of activation, fission- and decays- products, including Np-234 was subjected to separation 
using extraction and ion exchange chromatography. These two methods are ideally suited to purification of Np fraction 
from another elements, because of their good selectivity and simplicity. The most important parameter which decided 
about the choice of the methodology was time saving concerning short half life time nuclides appeared in the source. 
This became the starting point for development of methodology dedicated to purification Np fraction. The results of 
separation were satisfactory and will be presented during Conference. It is planned to search for Np-235 and Np-236 if 
any present in the obtained Np fraction using ICPMS.  

Acknowledgement: The work was done within framework of Polish Governmental Strategic Project: Supporting 
technologies for the development of safe nuclear power, Action 4: “Development of techniques and technologies 
supporting management of spent nuclear fuel and radioactive waste (No SP/J/4/143321/11)” and Action 6 
“Development of methods to assure nuclear safety and radiation protection for current and future needs of nuclear 
power plants”, contract No. SP/J/6/143339/11. 
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Determining the oxygenation status in tumour hypoxia is a challenge in cancer imaging. There are many ongoing 
clinical trials using conventional positron emission tomography (PET) scans and PET agents as cellular markers for 
detection of tumour hypoxia depending on the concept of the basic physics of 2γ annihilation. However, Kacperski and 
Spyrou (2004) proposed, for the first time, to use 3γ annihilation as a new PET molecular imaging modality, where the 
positronium and its annihilation, could serve as an oxygen-sensitive marker. The effective yield of 3γ annihilation 
depends on the rates of formation and quenching. Oxygen is known to be a strong positronium quencher where 2γ 
annihilation replaces the 3γ process. It is thus possible for hypoxic cells to be characterised by higher 3γ rates than 
those cells which are well oxygenated.  

The peak-to-peak and peak-to-valley methods are applied to estimate the relative yields of 3γ positron annihilation. 
The only limitation of using the peak-to-peak method is when the positron emitting source has only one peak as in the 
case of 18F. The Zirconium-89 (89Zr ) has recently drawn significant interest to be a promising metallo-radionuclide for 
use in immuno-PET. the 89Zr radionuclide has a positron yield of 22.7 % as well as gamma-ray energy at 909 keV of 
relative intensity almost 100 % which is emitted almost simultaneously. Therefore, 89Zr seems to be promising for 
detecting and measuring oxygenation status in hypoxic tumor by using three gamma positron annihilation based on the 
peak-to-peak method.  

The main objective of this work is to explore the possibility of exploiting 3γ annihilation from 89Zr isotope in PET 
imaging for measuring the relative oxygenation of tissues in oncology applications. In this experimental study four 
detectors, semiconductor detecors (HPGe and CZT) and scintillation detectors (NaI(Tl)), LaBr3: Ce3+) will be used. 
The peak-to-peak method will used with a 89Zr source to determine these yields. Aluminium will be employed as a 
reference material as its high electron density reduces positronium formation and lifetimes. Teflon will also used in 
order to enhance the formation of ortho positronium, since quenching is low, leading to increased three photon positron 
annihilation.  

References:  
Kacperski, K., Spyrou, N.M.: Three-gamma annihilations as a new modality in PET. Nuc. Sci. Symp. Conf. Rec. IEEE 
6, 3752 (2004). 
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bSocial Organization for Radioecological Cleanlines 
cInstitute of Isotope Co., Ltd. 
kardosr@almos.vein.hu  

 
With the rising of the global terrorist threat the improvement of the production technology of closed sources potentially 
able to be used for dirty bomb production becomes more and more important. The risk of radioactive species getting 
out into the environment can be decreased by embedding those species into insoluble matrices. In this work we would 
like to report about our research on Cs-137 sources. Our goal is development the production of immobilized cesium-
containing closed sources by recycling used sources.  

We would like to apply nano-porous systems (e. g. zeolite, titano silicate, and ceramics) in which selective transport 
occurs. In these systems the ions are bound selectively, and become difficult to mobilize. We prove these allegations 
with leaching tests.  

Titano silicates are versatile materials, their ion exchange capacity is good, the kinetics of the sorption is fast, they 
resist big exposure doses and already at 800 0C there are changes in the structure of the titano silicates, glass phase is 
formed, thus making insoluble the bound materials. Other possible binders is the ceramic, we tested three type of pre-
selected ceramics samples (stoneware, red tile, light tile). These ceramic type have a good properties making insoluble 
the bound materials, too. From the materials were made test samples by adding inactive cesium, and the samples were 
fired at different temperatures (800, 900, 1000, 1100, 1200 °C). After the firing, leaching tests were performed and the 
activity concentration of the leached cesium was measured with ICP. The leaching tests were accelerated tests, it was 
made for four days (six samplings), we used three types of solvent and shaker. The results allow the development of a 
new effective protocol, which can be applied for the recycling of closed sources, and making them safer. 
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ACCELERATOR PRODUCTION OF Ac-225 FOR GENERATING Bi-213 FOR TARGETED ALPHA 
THERAPY 
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The generator system Ac-225 / Bi-213 (half life of 45.6 min) is a suitable method of producing an alpha-emitter for 
targeted alpha thertapy ). However, the production of Ac-225 is difficult and only a limited quantity of this isotope has 
so far been available for clinical use. Till recently it was exclusively produced by the decay of Th-229, which itself is 
generated by the decay of U-233 (half life of 159200 years). By making use of our production yield curves we have 
estimated the production of Ac-225 through (p,2n) and (d, 3n) on Ra-226, and also estimated the unwanted activities 
being produced simultaneously through (p,n), (d,n) and (d,2n) reactions on Ra-226. It is shown that from a thick Ra - 
target production yields of 1.1  10 10 Bq, 1.85  10 10 Bq and 2.04  10 10 Bq respectively at proton bombarding 
energies of 20, 30 and 34 MeV can be obtained at incident proton currents of 100 μA but irradiation time of only one 
day which is a lot more practical than previously quoted 10 days of irradiation. Similarly production yields of Ac-225 
through the (d,3n) reactions on Ra-226 have also been estimated to be 4.2  10 9 Bq, 1.1  10 10 Bq and 1.4  10 10 
Bq at deuteron energies of 20, 30 and 34 MeV respectively for irradiation time of 1 day at beam intensities of 100 
micro-A. As the production yields data is presented in graphical form, the production of Ac-225, from a moderately 
thick or even a thin Ra-226 target can also be obtained for any irradiation conditions. 
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PREPARATIONOF Ra-223 BY NEUTRON IRRADIATION OF Ra-226 
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Radium-223 is prospective alpha-emmiting therapeutic radionuclide for targeted radionuclide therapy. Although Ra-
223 is formed naturally by the decay of U-235, for practical reasons its preparation involves neutron irradiation of Ra-
226. The decay of Ra-227 leads to Ac-227, which decays to Th-227 and Ra-223 subsequently. Ra-226 as a decay 
product of U-238 is generally available in multigram quantities (mainly historical stock). Main purpose of this study 
was to experimentally and theoretically evaluate and verify available literature data on productionof Ra-223.  

According to dates obtained from gamma spectra, the yield of this irradiation and cross sections were calculated.  

Radium-226 sample was flame-sealed in a quartz ampoule and irradiated for 11,7 days in a neutron flow. The yield of 
Ra-223 and other products were determined several weeks after EOB by evaluation of gamma and alfa spectra. Less 
than one month after irradiation Ra-223, Pb-212, Bi-212, Tl-208 peaks can be found on gamma spectra. In three – four 
month the best peaks can be seen are peaks of Pb-214 and Bi-214, which are decay products of Ra-226. Also peaks of 
Ac-227, Th-227, Ra-223, Pb-211, Th-228 and Ra-224 can be found, but some of them are interfered by Pb-214 and Bi-
214 peaks, other of them are very small in compare with Pb-214 and Bi-214.  

Partially supported by grants LK21310 and TA03010027. 
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APPLICATION OF EXTRACTION CHROMATOGRAPHY TO THE SEPARATION OF Sc AND Zr 
ISOTOPES FROM TARGET MATERIALS 

Carina Dirks, Steffen Happel 
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Non-standard isotopes such as Sc-44/47 and Zr-89 are increasingly finding interest in radiopharmaceutical 
applications. Methods for the separation of these elements from typical target materials were developed.  

The methods are based on the use of extraction chromatographic resins such as UTEVA and DGA resin. Information 
on the selectivity of the resins (Dw values of selected elements in HCl and HNO3 of varying concentration) will be 
presented as well as results of the method development such as elution studies, chemical recoveries and 
decontamination factors.  

Developed methods are based on the use of vacuum supported separation allowing for fast and selective separation.. 
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SEP-I01, (Id: 194) 
COMPLEXATION AND EXTRACTION OF An(III) AND Ln(III) WITH WATER-SOLUBLE SO3-Ph-BTBP 
Petra Panaka, Christoph Wagnera, Udo Müllichb, Andreas Geistb 
aUniversity of Heidelberg 
bInstitute of Nuclear Waste Disposal, KIT 
petra.panak@kit.edu 

 
The recycling of minor actinides as nuclear fuel is complicated by the presence of curium due to its short term thermal 
power and neutron dose rate. Thus the development of processes for separating americium from curium are of 
particular interest. A new system was developed to separate only americium, addressing some of the challenges with 
the EXAm process such as a narrow pH window. The so called AmSel process uses water soluble SO3-Ph-BTBP and 
TODGA’s for Am(III), Cm(III), and Ln(III) separation. Am(III) + Cm(III) + Ln(III) distribution ratios as a function of 
HNO3 and SO3-Ph-BTBP concentrations were determined in extraction experiments. At low nitric acid concentrations 
the separation factor of Am(III) over Eu(III) exceeded 1000 and decreased with increasing acid concentration. The 
formation of 1:2 An(III)- and Ln(III)-aq-BTBP complexes was proven by time-resolved laser fluorescence 
spectroscopy (TRLFS) investigations of the aqueous phase after extraction. Furthermore, separation factors of Am(III) 
and Cm(III) for the aq-BTBP/TODGA system were determined at various experimental condition, varying between 1.5 
and 3.2. The extraction studies revealed that stripping Am(III) from a loaded TODGA solvent is not impeded by slow 
kinetics. Buffers or salting out agents are not required.  

For a better understanding of the selectivity of SO3-Ph-BTBP towards An(III) over Ln(III) the complexation of 
Cm(III) and Eu(III) with SO3-Ph-BTBP was studied by time-resolved laser fluorescence spectroscopy (TRLFS). 
Conditional complex formation constants of the 1:2 An(III) and Ln(III) complexes were determined at pH 3 and in 0.5 
mol/L HNO3. Though the stability constants of the 1:2 An(III) and Ln(III) complexes at 0.5 mol/L HNO3 were lower 
than at pH 3 by several orders of magnitude, the difference in the stability constants of two orders of magnitude 
between Cm(III) and Eu(III) remained constant. These results are in excellent agreement with the selectivity 
determined in the extraction studies and proves that the selectivity of SO3-Ph-BTBP towards An(III) over Ln(III) is 
preserved even at highly acidic conditions. Furthermore, to explain the significant decrease of the stability constants of 
the 1:2 An(III) and Ln(III)-SO3-Ph-BTBP complexes at 0.5 M HNO3, fundamental studies on the impact of different 
parameters such as ionic strength, nitrate complexation and protonation of the ligand were performed. These studies 
revealed valuable mechanistic information on complexation reactions including the impact of competing reactions 
and/or ionic strength effects at various experimental conditions. 
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STABILITY OF PHENYL TRIFLUOROMETHYL SULFONE AS DILUENT IN A GANEX PROCESS 
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At Chalmers university of technology, the main research focus within the transmutation and separation field has been 
the development of a GANEX (Group ActiNide EXtraction) process. The main idea with partitioning and 
transmutation is to separate the transuranic elements and the fission products in used nuclear fuel from each other and 
then use a fast neutron spectrum to transmute the transuranic elements.  

The GANEX process is based on two cycles; in the first cycle the uranium bulk is removed from the fuel dissolution 
liquor and in the second cycle (the actual GANEX extraction is performed in this step) the transuranic elements and the 
remaining uranium are extracted together to avoid pure plutonium streams.  

A GANEX process that combines the two extractants 6,6’-bis(5,6-dialkyl-[1,2,4-]triazin-3-yl)-2,2’-bipyridine (CyMe4-
BTBP) and tri-butyl phosphate (TBP) in cyclohexanone has previously been developed at Chalmers. However, due to 
the low flash point (44 °C) of cyclohexanone, the high water solubility and its degradation in contact with the acidic 
aqueous phase it is desirable to replace cyclohexanone with a different diluent. It is, however, not easy to find a proper 
diluent to the GANEX process based on CyMe4-BTBP and TBP. CyMe4-BTBP is hard to dissolve in aliphatic diluents 
and the extraction kinetics is slow in diluents such as alcohols and aromatics. In this study, stability experiments have 
been performed on a phenyl trifluoromethyl sulfone based solvent containing CyMe4-BTBP and TBP. 
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SEPARATION OF MINOR ACTINOIDS(III) OVER LANTHANOIDS(III) BY BTBP OR BTPhen 
EXTRACTING COMPOUNDS 

Petr Distler, John Jan 
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Different extraction systems for the separation of trivalent minor actinoids over lanthanoids were studied during last 
years. The CyMe4-BTBP and its derivatives have been demonstrated to be prospective extractants for the solvent 
extraction of minor actinoids over lanthanoids from high-level liquid waste issuing the reprocessing of irradiated 
nuclear fuel (the r-SANEX process).  

The presentation will be focused on different effects of 1,2,4-triazine extracting compounds and diluents on extraction 
systems properties. The results of testing the CyMe4-BTBP ligand and its new derivatives (such as Cy5-S-Me4-BBP, 
Cy5-O-Me4-BTBP, MeCyMe4-BTBP or t-BuCyMe4-BTBP) for the separation of Americium(III) over Europium(III) 
from HNO3 solutions and influence of the used diluents (both polar and non-polar) will be discussed. Moreover, 
complexing properties of several novel hydrophilic ligands, such as (PhSO3Na)2-BTBP, (CH2NMe3)2-BTBP or 
(PhSO3Na)2-BTPhen will be described as prospective agents for i-SANEX process.  

In addition to the dependences of Americium(III) and Europium(III) distribution ratio values and their mutual 
separation factor values on HNO3 concentrations, the results of the thermodynamic and kinetic studies will be 
presented. 
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N,N,N′,N′-tetraoctyl-diglycolamide (TODGA) is broadly studied as a non-specific extractant for actinides and 
lanthanides from HNO3 solutions of nuclear waste, in particular for group actinide extraction (GANEX process). Geist 
and his coworkers proposed a novel hydrophilic ligand, 2,6-bis(5,6-di-(sulfophenyl)-1,2,4-triazin-3-yl)pyridine (SO3-
Ph-BTP) for selective stripping of actinides(III) from the loaded organic phase [A. Geist et al., Solvent Extr. Ion Exch., 
30, 433 (2012)], and determined (by TRLFS) the stability constants of its consecutive (from 1:1 to 1:3) complexes with 
Cm(III) and Eu(III) in aqueous solutions [C.M. Ruff et al., Dalton Trans., 41, 14594 (2012)].  

In the present work, we studied the distribution of some actinides(III-VI) in the two-phase systems: TODGA (in 
kerosene) / SO3-Ph-BTP (0–100 mM in aqueous HNO3); and determined the apparent stability constants of their 
complexes in the aqueous phase, based on the distribution ratios of the metal ions. The effect of protonation of the 
SO3-Ph-BTP ligand in the acidic solutions was discussed.  

This work was financed from the National Centre for Research and Development through the Strategic Program 
Technologies Supporting Development of Safe Nuclear Power Engineering, task 4: Development of spent nuclear fuel 
and radioactive waste management techniques and technologies. 
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Various neutral ligands are studied as potential ligands for separation of actinides from lanthanides. The most effective 
extractants for selective recovery of actinides from high level wastes are poly nitrogen compounds. The presence of 
several “soft” donor atoms in ligand structure allows to reach very high Am/Eu separation factor values. Recently a 
new class of neutral polydentate compounds – diamides of heterocyclic dicarboxylic acids – was proposed for recovery 
of f-elements from nitric acid. Ligands belonged to this class possess in their structure both “hard” oxygen and “soft” 
nitrogen atoms. Such combination of coordination centers provides high extraction ability of ligand toward f-elements 
and better affinity to actinides than lanthanides.  

Diamides of 2,6-pyridine-dicarboxylic acid, diamides 2,2'-dipyridil-6,6'-dicarboxylic acid, diamides of 6,6’’-
(2,2’:6’,2’’-terpyridine)dicarboxylic acid, amides of 1,10-phenanthroline-2-carboxylic acid and diamides of 1,10-
phenanthroline-2,9-dicarboxylic acid were synthesized and tested for extraction of actinides (III, IV, V, VI) and 
lanthanides (III) from nitric acid solutions. In our work we studied extraction properties of diamides of 2,6-pyridine-
dicarboxylic acid (DPA) and diamides 2,2'-dipyridil-6,6'-dicarboxylic acid (Dyp).  

DPA effectively extract actinides (III, IV, VI) and lanthanides (III) from nitric acid solutions. Actinides are extracted 
better than lanthanides. The Am/Eu separation factor up to 6 for extraction from 1-2 M HNO3 can be reached. 
Solutions of DPA in polar fluorinated diluents have very high loading capacity on extracted metals and can be used for 
recovery of actinides from wasted with high lanthanides content (more than 17 g/L)  

Dyp have in their structure two pyridine rings and are more selective extractants than DPA. Americium can be 
selectively extracted from lanthanides with separation factors more than 10. In the present work two flowsheets for 
actinides recovery and separation them from lanthanides on the base of DPA and Dyp were developed. Both schemes 
were tested in laboratory scale using simulate solutions of raffinates with high content of fission products. 
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Ordered mesoporous materials are attractive sorbents due to their extremely high surface areas, large pore volumes, 
open frameworks, and highly-ordered, tunable structures. Ultimately, they could be used for separating actinide and 
lanthanide ions from assorted solution matrices, as well as from each other. Furthermore, functionalized mesoporous 
materials may be useful for a variety of nuclear and non-nuclear applications including the sequestration of 
radionuclides for proper long-term storage, environmental sequestration of heavy metals, and nuclear waste 
reprocessing. Processing of nuclear waste via liquid-liquid solvent extraction produces large amount of high-level 
liquid wastes that in turn hamper their permanent disposal. Replacing the organic radionuclide extractant solutions 
with functionalized mesoporous materials, that have the extraction ligands chemically bound to the mesoporous 
surface, will result in a significant volume reduction and reusability of the material. We are synthesizing non-
functionalized and functionalized mesoporous silica and carbon materials to study their interaction with aqueous 
solutions of europium, neptunium, and plutonium over a wide pH range. This presentation will give an overview of the 
current status of this research field. I will discuss the characterization and effectiveness of the functionalization of 
mesoporous silica and carbon by a variety of analytical techniques (FTIR-ATR; PZC; SEM; 13C ssNMR and 29Si 
ssNMR; TEM; XRD; XAS), the uptake of radionuclides as a function of pH, and the kinetics and reversibility of these 
processes.  

Acknowledgement This research was sponsored in part by the National Nuclear Security Administration under the 
Stewardship Science Academic Alliances program under Award Number DE-NA0001978. 
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Current systems for the separation of actinide and lanthanide cations often employ organophosphorus reagents in 
combination or in sequence with anionic extractants under acidic conditions. Organophosphorous reagents do not often 
display large selectivity between trivalent actinides and lanthanides, as a consequence of the similar chemical 
properties of these elements and may require addition of soft donor ligands. Several of the actinides have higher 
oxidations states (e.g., V and VI) available under conditions in which they exist as linear dioxo cations. Under this 
configuration the actinides behave significantly different from trivalent lanthanides. The stability of these oxidation 
states can be a challenge for some transuranic actinides under acidic conditions. Studies suggest, however, that these 
oxidation states may be stabilized by coordination of ligands to the equatorial plane of the actinyl ion. For example, 
recent studies indicate that Schiff bases have been able to stabilize U(V). In light of these reports we are investigating 
ligands for the selective complexation of An(V/VI)-cations. Possible improvements in Ln/An separation factors may 
afford the design of separation systems under conditions not commonly considered for nuclear fuel and waste effluent 
processing. In this paper we present results for the extraction of lanthanide(III) and actinyl(VI) cations from aqueous 
buffered solutions containing the water-soluble Schiff base N,N'-bis(5-sulfo-salicylidene)ethylenediamine 
(H2SalenSO3) by bis(2-ethylhexyl)phosphoric acid (HDEHP) in a suitable solvent. The effects of pH, buffer 
composition, and aqueous complex formation on the partitioning of metal ions are examined in terms of the ability of 
the aqueous ligand to retain actinyl ions while extracting non-actinyl ions. Spectroscopic and potentiometric titrations 
of H2SalenSO3 with UO2

2+ and NaOH have yielded valuable data, including conditional formation constants and ligand 
pKa values. Both spectroscopic data and the crystal structure of the complex with UO2

2+ confirm that it has a 1:1 
stoichiometry. Notably, visible spectroscopic measurements of solutions of the ligand with Nd(III) indicate that 
interactions between H2SalenSO3 and Ln(III) are quite weak. Combined with investigations of the effect of ligand 
hydrolysis on the formation of metal ion complex(es), the results indicate that optimum conditions for complexation 
occur at acidities lower than those typically maintained in f-element extraction by HDEHP. Therefore, competitive 
extraction studies have been carried-out at p[H] values between 5 and 6. Continuous contact experiments for U(VI) 
extraction by HDEHP in toluene in the presence and absence of H2SalenSO3 demonstrate that the uranyl ion 
distribution ratios (D) are less than 2 and holdback factors are substantial (D0/D ≈ 100 to 800). Because both 
distribution ratios and holdback factors for Ln(III) extraction under similar conditions remain in the single digits, it is 
thought that the extent of aqueous ligand hydrolysis and the low acidity present challenges to maintaining extractable 
species. Investigations of the factors that lead to poor extraction of Ln(III) ions and the evaluation of similar, but more 
hydrolytically stable ligands, are ongoing. 
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Simultaneous recovery of long living radionuclides (cesium, strontium and actinides) from high level liquid waste 
(HLLW) allows to reduce the total volume of the waste and the costs of waste storage. The UNEX process using 
solvent based on chlorinated cobalt dicarbollide (CCD), polyethylene glycol and phenyloctyl-N,N-
diisobutylcarbamoylmethylene phosphine oxide (CMPO) has been proposed for simultaneous recovery of the 
radionuclides. The main drawback of UNEX process is complicated synthesis of CCD. So development of new 
solvents and processes on the base of commercially available extractants is an important task.  

N,N,N’,N’-tetraalkyl diglycolamides (DGA), well-known ligands for actinides extraction, can also be used for 
strontium recovery from nitric acid solutions. At the same time the solutions of crown ethers in fluorinated diluents 
extract cesium from acidic solutions. Thus the mixture of DGA and crown ether is a promising solvent for 
simultaneous recovery of long living radionuclides from HLLW.  

In radiochemical technology saturated hydrocarbons are traditionally used as diluents for neutral ligands. For instance 
n-dodecane is traditionally used as a diluent for DGA. The main drawback of such diluent is low loading capacity on 
extracted metals and as a result tendency of third phase formation at high metal concentrations. The usage of 
fluorinated diluents such as meta-nitrobenzotrifluoride (F-3) allow to increase the loading capacity of the extractant 
and prevent third phase formation. It is also known that the most effective diluents for crown ethers are fluorinated 
alcohols.  

The goal of this work was to develop a new solvent on the base of crown ether and DGA for simultaneous extraction 
of actinides, lanthanides and fission products. The extraction of cesium, strontium, americium and lanthanides with 
different DGA (N,N,N’,N’-tetrabutyl diglycolamide, N,N,N’,N’-tetrahexil diglycolamide, N,N,N’,N’-tetraoctyl 
diglycolamide), crown ethers and their mixtures was studied.  

The solution of di-benzo-21-crown-7 and N,N,N’,N’-tetraoctyl diglycolamide in fluorinated diluent was chosen as a 
new solvent. The extraction flowsheet was developed and tested in laboratory scale using simulated solutions with high 
concentration of lanthanides. Optimum conditions for simultaneous recovery of cesium, strontium and actinides from 
nitric acid solutions, scrubbing and stripping were found. 
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Recovery of trivalent actinide and rare earth elements from complicated nitric acid solutions is important and difficult 
task of radiochemistry. Sorption materials for radionuclide recovery must possess the high sorption efficiency, 
selectivity of recovery, chemical stability and good kinetic properties. Solid-phase extractants (SPEs) prepared by 
impregnation of solid supports with ligands are the most appropriate for this purpose. Compounds for impregnation 
provide formation of complexes with actinides and lanthanides in nitric acid solution and ensure the possibility of their 
recovery. New types of solid supports for impregnation – high-porous and fine-dispersive polymers and carbon 
nanomaterials – are very promising for the SPE preparation. These materials ensure strong retention of impregnated 
ligands, efficiency and stability of SPEs in solutions with high content of nitric acid as well as good kinetic and other 
properties.  

This report is focused on sorption ability and efficiency of application of novel SPEs developed by us for recovery of 
actinide and lanthanide from nitric acid solution. As solid supports we have used Taunit carbon nanomaterial 
(NanoTech-Center, Russia) and polystyrene polymers – high crosslinked (Isolute, Sweden) or hyper cross-linked 
(Macronet, UK). For impregnation the phosphorus and nitrogen containing ligands have been used: 
diphenyldibutylcarbamoylmethylphosphine oxide, tetraoctyldiglycolamide, tri-n-octylphosphine oxide, di-2-
ethylhexylmethylphosphonate; these ligands possess of the high efficiency in nitric acid solution also applied in liquid-
liquid extraction processes. Impregnation was carried out by solutions of ligands in organic solvents (dichloroethane) 
or by ligands in nitric acid solution. Impregnation in nitric acid is more advanced technique because it provides high 
stability of SPEs and efficiency of their application in solution with high content of nitric acid. Novel SPEs have 
demonstrated high sorption ability toward actinides and lanthanides (distribution coefficients in 3 mol/L HNO3 are 103-
104 mL/g, good kinetic properties and high efficiency of recovery in batch or column mode. On the base of 
experimental data we have developed the regimes of sorption preconcentration of actinide and lanthanide elements 
from 1-3 mL 3 mol/L HNO3 and determined conditions of their elution.  

The selectivity of actinide and lanthanide recovery is conditioned by properties of impregnated ligand and conditions 
of experiment. In this report we demonstrate examples of selective recovery of trivalent lanthanides with their 
separation from uranium and thorium. For this purpose we have used solid-phase extractants obtained by impregnation 
of various types of ligands. By use of multicomponent model solution, the effect of several elements that can be 
present in solutions of spent fuel reprocessing in nitric acid was examined.  

Reference:  
E.A. Zakharchenko, D.A. Malikov, N.P. Molochnikova, G.V. Myasoedova, and Yu.M. Kulyako. Sorption Recovery of 
U(VI), Pu(IV), and Am(III) from Nitric Acid Solutions with Solid-Phase Extractants Based on Taunit Carbon 
Nanotubes and Polystyrene Supports. Radiochemistry, 2014, Vol. 56, No. 1, pp. 27–31 Ascnowlegement:  

The work was supported by Program no.9 of the Presidium of the Russian Academy of Sciences: Development and 
Improvement of Methods for Chemical Analysis and Structural Study of Substances and Materials 
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Immiscible liquid contacting is one the most common and important phenomena in the high temperature pyrochemical 
systems. Among these processes, an extraction system employing molten LiCl-KCl and liquid Cd metal has been 
proposed for the pyrochemical recovery of actinides in a waste salt treatment step. Understanding the complex 
interaction of immiscible fluid dynamics with mass transfer is a fundamental importance in a liquid-liquid extraction 
process. The use of a liquid cadmium electrode, which is the unique features of the process, provides hydro-
dynamically a free surface contacting with an immiscible molten-salt electrolyte. This free interface of immiscible 
liquids gives an interface for mass transfer and is inconstant depending on agitated conditions. A computational 
method to expect an effective area for the mass transfer in the molten-salt and liquid metal system is particularly 
interesting and challenging for an agitated operation frequently encountered in the pyrochemical system. Details of the 
calculation of the velocity fields and free surface profiles which evolve in time are given. Representative simulation 
results are presented to illustrate the capabilities of this method for the molten LiCl-KCl/Cd system.  

In addition, this study also presents a new modeling approach for studying an analysis of a counter current multistage 
extraction in the immiscible molten streams. An operational analysis of a counter current multistage extraction was 
carried out by the model equations, composed of species material balance and distribution relationships between 
molten salt and cadmium phase. The solutions were determined by using the matrix-based numerical method and the 
parametric investigations were simulated for the effect of the operating variables on the decontamination factor. The 
decontamination performance and species concentration profiles could be obtained by considering the flow ratio of 
immiscible liquids and oxidant feed throughout the multistage extraction step in a given actinides concentration 
condition of the waste stream. 
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The unique and tunable properties of the second generation moisture-stable ionic liquids (ILs) have generated interest 
in their applications to the nuclear fuel cycle. Generally, ILs have low vapor pressure, chemical and radiation stability, 
good conductivity, and importantly, wide electrochemical windows. This beneficial electrochemical property allows 
for the ability to reach the negative potentials that are required for the reduction of lanthanides and actinides to metal 
species. Reduction of actinides and lanthanides to the metal has been largely unavailable in aqueous systems without 
the aid of mercury electrodes. Ionic liquids could therefore be envisioned as a system into which the used fuel once 
dissolved could be used to recover the uranium and separate other fission products by applying different potentials. 
However, the solubility of f-elements in ILs has not been extensively explored. Therefore, a more fundamental 
understanding of f-element chemistry and electrochemistry in ionic liquids is necessary to evaluate the system. 

 Exploring methods to enhance and control f-element solubility in ILs is presented. In addition, investigation of the 
conditions for electrodeposition of uranium from the IL and analysis of the deposited species were conducted. A direct 
dissolution method which uses the protic form of the anion common to an ionic liquid can provide a pathway for 
increased solubility of f-elements in ILs. The inclusion of water also enhances the direct dissolution process within the 
IL. The direct dissolution of lanthanide carbonates and uranium carbonate has been achieved in the IL trimethyl-n-
butylammonium bis(trifluoromethanesulfonyl)imide ([Me3NnBu][TFSI]) using the acid 
bis(trifluoromethanesulfonyl)amide (HTFSI). In addition to the carbonates, direct dissolution of U3O8 was performed. 
Analysis included UV-Visible and IR spectroscopy to characterize the soluble species and investigate possible 
complexation with the TFSI ligand. Cyclic voltammetry has been performed at common working electrodes such as Pt, 
Au, and glassy carbon (GC) to investigate the pathway from the soluble species to reduction. Potential mediated 
deposition of species from the [Me3NnBu][TFSI] has been achieved and analysis of the deposits was conducted using 
scanning electron microscopy (SEM) and energy dispersive x-ray emission spectroscopy (EDX). The results indicate 
that while deposition from the IL is possible despite residual water, the resulting deposited species tend to be oxides. 
Further studies on electrochemical parameters and utilizing simple methods to remove water are being investigated in 
an attempt to promote deposition to the metal from IL solutions. 
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Owing to the fast economic growing and the concern over greenhouse gases and air pollution, uranium extraction is 
one important option to meet the nuclear fuel consumption in the future. The uranium reserve is one thousand times 
that in land; however, the big challenge of feasibility is the extremely low uranium concentration in ocean (ca. 3.3-3.5 
ppt). Polyethylene fiber modified by radiation-induced graft polymerization of acrylonitrile and following 
amidoximation has been recognized to be the most suitable material for uranium extraction from seawater, in terms of 
durability, extraction capacity and selectivity.  

Concerning the feasibility of uranium extraction from seawater, a lot of challenges have to be overcome, e.g. mass 
production of fiber adsorbents at a reasonable cost, high adsorption capacity and selectivity for uranyl ion in seawater, 
deployment of adsorbents in ocean, stripping of uranyl from adsorbent and reuse of the fiber adsorbent. About five 
year ago, we started a project on the uranium extraction from seawater, supported by the Chinese Academy of 
Sciences.  

In this talk, we will present our progress in the development of UHMWPE (ultra-high molecular weight polyethylene) 
fiber adsorbent and uranium adsorption evaluation in simulated seawater as well as in real seawater. UHMWPE fiber is 
adopted owing to its high tensile strength and excellent durability in seawater. A facility for production of UHMWPE 
fiber adsorbent will be established in 2014, with the use of 0.5 MeV accelerator, appropriate under-beam system and 
grafting polymerization system. We also set up a facility for the evaluation of fiber adsorbent in which 1500 L of 
simulated seawater is flowed through 12 columns in 24 h. It is our target to do marine test in China coastal area in 
2014-2015. 
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An automated analytical method implemented in a flow injection (FI) system was developed for rapid determination of 
236U in 5-10 L seawater samples. After a quick iron hydroxide co-precipitation, extraction chromatography (UTEVA) 
was exploited to separate and purify target analytes, whereupon 238U was used as a chemical yield tracer. Accelerator 
mass spectrometry (AMS) was applied for quantifying the 236U/238U ratio and inductively coupled plasma mass 
spectrometry (ICP-MS) was used to determine the absolute concentration of 238U in the original seawater, thus the 
level of 236U can be calculated. The co-precipitation behaviour of uranium with iron hydroxide was studied and 
optimized for the sample pre-treatment as well as for the target preparation prior to AMS measurement, respectively, in 
order to achieve high chemical yields. The analytical results indicate that the developed method is simple and robust, 
providing satisfactory chemical yields (70-100 %) and relatively short analytical time (4 h/sample). Based on the 
developed method, sweater samples collected along the Danish cost were analyzed and the distribution characters of 
236U were discussed. 
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Separation methods for determination of actinides applied at the Jožef Stefan Institute are described. Soil and sediment 
samples were decomposed by conventional wet dissolution with mixtures of HNO3, HClO4 and HF acids, microwave 
dissolution using HNO3 and HF, and alkaline fusion with Na2CO3 and Na2O2. while preconcentration of actinides from 
liquid samples was carried out by precipitation using iron (III) hydroxide and ammonium hydrogen phosphate. The dry 
residue or precipitate with actinides and added tracers were then dissolved in 2M HNO2. After adjustment of the 
plutonium oxidation state to Pu (IV) in 2M HNO3 with 1.25M FeCl2, 1M NH2(OH)HCl and 1M NaNO3, the solution 
was adjusted to 8M using conc. HNO3 and the actinides selectively separated with a combination of ion exchange and 
extraction chromatography. This 8M HNO3 solution was passed through an anion exchange column prepared from 
Dowex 1X8, 100–200 mesh Cl- form resin. The 8M HNO3 effluent was used for analysis of americium and uranium 
radionuclides. The column was washed with 50 mL of 9M HCl to elute thorium. Pu was then eluted with 50 mL of 9M 
HCl/0.1M NH4I solution and neptunium was later stripped with 50 mL of 4M HCl solution. The 8M HNO3 effluen, 
containing the uranium and americium fraction was evaporated to dryness. The residue was dissolved in 2M HNO3 and 
the solution was transferred to sequential columns of Eichrom UTEVA and TRU preconditioned with 2M HNO3. The 
columns were washed with 20 mL of 2M HNO3. After that, columns were split. The UTEVA column was washed with 
20 mL of 5M HCl/0.05M oxalic acid to remove impurities. Uranium was stripped from the UTEVA column with 15 
mL of 1M HCl. The TRU column with americium was cleaned up with 5 ml of a mixture of 2M HNO3/0.1M NaNO2 
and americium was stripped from the TRU column with 3 mL of 9M HCl and 20 mL of 4M HCl. The solutions with 
isolated radionuclides were evaporated to dryness and source preparation for alpha-particle spectrometry carried out by 
the microcoprecipitation method with neodymium fluoride. The methods were applied to reference materials and 
various real samples such as soil, sediments and water, all analysed in intercomparison exercises for determination of 
actinides. 
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After the Fukushima accident the development of rapid methods for foodstuff was getting more demanding in Austria. 
Therefore the Federal Ministry of Health financed a project for the development of a rapid method for the 
determination of plutonium in foodstuffs. Currently our lab determines plutonium just in environmental samples. This 
method takes about one week with ashing, dissolution, ion-exchange chromatography, micro-coprecipitation and alpha 
spectrometry. With a few changes concerning the sample preparation and by using the ICP-MS, a short method was 
developed in our laboratory to measure at least 10 samples within one day (1 person working for 10 h). The new 
method uses microwave digestion and a quick ion-exchange chromatography. The stripping solution of plutonium (5 
ml 1,2 M HCl + 0,125 ml 30 % H2O2) is taken for the ICP-MS determination of Pu-239 without further pre-treatment. 
Pu-242 can also be measured by ICP-MS. Therefore the Pu-242 is added as tracer to the samples and the chemical 
recovery can be determined. If the determination of Pu-240 and Pu-238 is required the remaining solution of the ICP-
MS measurement can be used to perform the micro-coprecipitation and the alpha spectrometry. With this method the 
requirements of the Council Regulation (Euratom) No 2218/89 of 18 July 1989 amending Regulation (Euratom) No 
3954/87 laying down maximum permitted levels of radioactive contamination of foodstuffs and feedingstuffs 
following a nuclear accident or any other case of radiological emergency, are fulfilled. In this paper the method and the 
challenges during the development with high thorium und high uranium concentrations in the samples are described. 
Tests were conducted using sea sediment reference material, fish reference material and spiked samples. 
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The development of nuclear power industry and nuclear technologies resulted in contamination of biosphere, including 
seawater areas and World Ocean at large, by various radionuclides. Radionuclide accumulation in seabed deposits and 
migration comprise a great danger for vital functions of different organisms. Strontium radionuclides belong to the 
group of toxic elements, which causes the necessity as to control their release into the environment as to improve the 
methods and approaches of their removal from water streams.  

The problem of removal of long-lived highly toxic radionuclides can be solved through application of sorption 
methods, which are primarily used, due to their simplicity and efficiency, to remove dissolved radionuclides down to 
the level acceptable for decontaminated water disposal into the environment. The efficiency of radionuclide removal 
depends on the sorbent selectivity in the presence of different components contained in an aqueous medium.  

The strontium sorption by barium-containing sorption-reagent materials has been studied and respective sorption 
mechanisms have been examined. The strontium sorption was also tested for composite barium-containing sorbents 
based on carbon fibers used as a matrix in sorbent synthesis. The effect of composite synthesis conditions on their 
sorption properties was demonstrated.  

The comparison of strontium radionuclide sorption from seawater by different types of sorbents was performed. The 
advantages of the sorption-reagent materials obtained in the present work for strontium radionuclide removal from 
seawater, as compared to other tested sorbents, have been demonstrated. 
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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 Z2 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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The rare-earth isotope Ho-163 is of interest for neutrino mass measurements. The experimental evidence for neutrino 
and antineutrino oscillations between flavor states is compelling, with extensive implications for astrophysics, 
nucleosynthesis, the origin of dark matter and cosmology [1]. The goal of our experiment is to investigate the electron 
neutrino mass by a high precision and high statistics calorimetric measurement of the Ho-163 electron capture 
spectrum. This microcalorimetric experiment requires production of Ho-163 at high rate with high isotopic and 
chemical purity. Currently, there are no fully validated methods for production and isolation of Ho-163 at purities and 
quantities required. Ho-163 was produced by proton-irradiation on the University of Wisconsin 16 MeV cyclotron via 
the (p,n) and (p,2n) reactions using a dysprosium target as suggested in [2]. Separation of the desired elemental 
holmium (Ho) from irradiated dysprosium (Dy) was performed by high performance liquid chromatography (HPLC). 
Initial test separations were performed with an analytical-sized column filled with a cation-exchange resin, AG50W-
X8, and alpha-hydroxyisobutyric acid (α-HIBA) eluent with varying concentration and pH. The separation was 
optimized using on-line UV/VIS detection and post column derivatization with PAR (4-(2-pyridylazo)resorcinol). 
Next, scale up from the analytical column to semi-preparative HPLC column was performed to accommodate the large 
55 mg Dy target mass. The Ho fraction was collected and a 2-step process was employed to remove the chelating agent 
α-HIBA from the final product. Preliminary data from ICP-MS analysis of the purified holmium fraction indicated that 
the one step HPLC purification process resulted in 99.9997 % removal of Dy.  

Successfully isolated Ho-163 is being encapsulated in an absorber for the first microcalorimetric measurement. 
Detailed information on Ho-163 production, isolation and characterization will be presented.  

[1] G. Drexlin, V. Hannen, S. Mertens, C. Weinheimer, Current direct neutrino mass experiments, Advances in Higher 
Energy Physics 2013 (2013) 39.  
[2] J.W. Engle, E.R. Birnbaum, H.R. Trellue, K.D. John, M.W. Rabin, F.M. Nortier, Evaluation of 163Ho production 
options for neutrino mass measurements with microcalorimeter detectors, Nuclear Instruments and Methods in Physics 
Research B 311 (2013) 131–138. LA-UR-14-20157 
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The possibility of misusing heavy unstable elements, especially transuranic elements, for military or terrorist purposes, 
their involvement in nuclear accidents or in fuel cycle makes them elements of interest. Among the most important 
elements belong uranium, plutonium, americium and curium. These radionuclides are both military significant and also 
important for nuclear safety. The paper describes the extraction characteristics of selected alpha radionuclides by 
means of extraction chromatography (EXC) of selected resins - TRU, TEVA, UTEVA, DN and DIPHONIX (all 
Eichrom Industries, USA). The main effort was to investigate the choice of mobile-phase and especially the effect on 
percentage of extraction. Furthermore the attention was paid to investigate the conditions leading to degradation of 
extraction sorbents.  

Finally the attention was focused to determine the synergic effect of different cations added to mobile-phase. These 
effect was evaluated for hydrochloric acid-based and nitric acid-based mobile-phase and sixteen different cations. The 
obtained results were compared with the results presented by Horwitz et al. 
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The reactors at Fukushima Daiichi Nuclear Power Station were damaged severely because of the accident. Cooling 
water is leaking from the reactor vessels and groundwater is flooding into the basement of reactor and turbine 
buildings. Consequently, contaminated water is accumulating. The accumulated water processing facility was installed 
to decontaminate the radionuclides and to desalinate. As a result, secondary waste such as spent zeolite and sludge are 
generated. In order to evaluate the radioactivity inventory in the waste, water was sampled from inflow and outflow of 
the apparatus. Zirconium-93 and 93Mo are candidates of the important nuclides because of their toxicity, half-lives, and 
relatively large effect on the safety assessment. It is considered reasonable to measure 93Zr using inductively coupled 
plasma mass spectrometry after separation of interfering elements, 93Nb, 92MoH+, etc., and to measure 93Mo using X-
ray spectrometry after separation of 93mNb emitting same energy X-ray.  

In the present study, mutual separation of Zr, Nb, and Mo using extraction chromatographic resin impregnated 
quaternary amine-based liquid anion exchanger, TEVA resin, was investigated for the analysis of 93Zr and 93Mo in the 
contaminated water. First, distribution coefficients (Kd values) for partitioning of Zr, Nb, and Mo onto the resin from 
HF, mixture of HF and HNO3, and mixture of HF and HCl solutions have been determined. In the HF media, the Kd 
values of Zr, Nb and Mo were gradually decreased with an increase of HF concentration in 0.01 4 M, ca. 3000 to 13 
for Zr, ca. 2700 to 220 for Nb, and ca.1600 to 17 for Mo, and approximately constant in 4 8 M, ca. 220 for Nb, ca. 10 
for Zr and Mo. The Kd values suppose that these metal ions are extracted on the TEVA resin from diluted HF solution 
(0.01-2 M HF), whereas Zr and Mo are eluted by >4 M HF but Nb is not eluted by HF solution. In the 0.1 M HF and 
various concentrations of HNO3 media, the Kd values of Zr, Nb, and Mo were rapidly decreased in 0.01 1 M HNO3, 
and they are under 1 when the HNO3 concentration is more than 1 M. This supposes that extracted Zr, Nb, and Mo are 
recovered by 1 M HNO3 solution. In the 0.5 M HF and various concentrations of HCl media, Kd values of Zr was 
rapidly decreased with an increase of HCl concentration. Whereas, Kd values of Mo and Nb are once decreased with 
an increase of HCl concentration in 0.01 1 M and then increased with an increase of HCl concentration in 1 7 M. The 
Kd values of Nb and Mo are more than 100 and Kd value of Zr is less than 1 at the 0.5 M HF 7 M HCl. This supposes 
that Zr is separated from Nb and Mo.  

Based on the obtained Kd values, chromatographic separation scheme was designed and mutual separation of Zr, Nb, 
and Mo was successfully carried out. In the future, the influence of interfering nuclides will be studied to apply the 
separation method to the contaminated water. 
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Recycling of valuable metals appears as solution of growing interest for a sustainable supply strategy nowadays. 
Palladium (Pd), along with other platinum group metals (PGM) and rare earth elements (REEs), represents one of the 
crucial issues in recovery processes. Malonamides are neutral amphiphilic molecules which have proved their potency 
for the extraction of f-elements and the recovery of minor actinides. Also, these compounds were demonstrated to be 
suitable extractants for the recovery of Pd(II) from hydrochloric media. Nitric media were thoroughly studied in frame 
of nuclear fuel treatment towards lanthanide-actinide separation. However, valuation of nitric effluents containing 
REEs and PGM is rarely envisioned.  

Within this framework, our purpose is to study liquid/liquid (L/L) extraction towards Pd recovery in nitric media, and 
especially to focus on the molecular level and understand the key physicochemical parameters necessary for an 
effective separation.  

Various experimental parameters such as equilibration time, pH, extractant and nitrate concentrations were 
investigated in detail. Similarities and differences between palladium and lanthanides were evidenced: Pd, present at 
+II oxidation state, and lanthanides, each at +III oxidation state, can be both efficiently extracted but in different 
conditions. A judicious choice of solvent and aqueous phase composition prevents formation of a Pd-rich solid third 
phase.  

Mechanistic studies involved complete analysis of the organic phases, including chemical speciation at the molecular 
level (coordination chemistry with NMR, IR, XRD and XPS), and supramolecular ordering characterization (with 
SAXS, DLS and NMR). Pd(II) complexes were identified and characterized. Emphasis was set on the study of the 
apparent discrepancy between molecular complexes (1:1 Pd:malonamide) and macroscopic behavior (slope 2 for 
malonamide). Keywords: palladium, lanthanides, L/L extraction, speciation, malonamides. 
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Development of nuclear energetics requires closure of nuclear fuel cycle (NFC). Since existing technologies cannot 
provide full extraction of tritium from irradiated nuclear fuel (INF) some aqueous media of INF reprocessing will be 
contaminated with tritium. Recycling this water will cause tritium accumulation in INF reprocessing system. Hence 
there is need to remove tritium from aqueous streams to avoid accumulation.  

Different methods can be used for hydrogen isotope separation. One of the most effective methods is Combined 
Electrolysis and Catalytic Exchange process (CECE-process). The main advantages of this method are high separation 
factor and no need to use any additional reactants. The main disadvantages of this method are high energy 
consumption for electrolysis of water, hydrogen explosion hazard and lack of data on mass transfer in columns with 
diameter larger than 100 mm.  

The main obstacle for using CECE-process is high operation costs. This paper describes one of ways to reduce 
operation costs through decreasing energy consumption per unit of detritiated water. One of the basic parameters of 
separation process in counter-current column is Θ, the ratio of the extraction factor Γ to maximum achievable 
extraction factor Γm. Value of Γm is defined by thermodynamical properties of separation system and Γ is set by plant 
designer. Increasing Θ leads to enhancing of efficiency of column (in case of constant flow rate), but maximum value 
of Θ equal to unity can be achieved in column of infinite height.  

The method proposed assumes increasing not Γ, but Γm by lowering temperature of column at single or multiple 
theoretical separation stages. Lowering temperature will cause increase of separation factor and hence Γm at this 
stages. Extraction factor following stages is lower than on the first one so there is no need to lower temperature at the 
rest of column height. The main disadvantage of this method is increase of column height due to lowering mass 
transfer efficiency at low temperature. However, it should be mentioned that growth of capital cost of column could be 
compensated by lower operation costs (up to 10-15 %) for phase reversal. In addition, there is some uncertainty in 
determination of separation process parameters in transition temperature zones.  

In the paper estimation of effect of improving efficiency of separation column that could be achieved and results of 
some experiments showing realizability of this method are presented. 
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The LASE (Operator Support Analyses Laboratory) develops and implements radiochemical methods devoted to the 
characterization of Long-Lived Radionuclides in Low and Intermediate Level Nuclear Wastes. 63Ni is generally one of 
the radionuclides which impose the classification of the radioactive wastes. This radionuclide is produced by neutron 
activation of stable nickel which is a major component of construction materials used in nuclear industry. As a pure 
beta emitter, 63Ni must be isolated from the matrices and the interfering radionuclides through chemical separations 
prior to any measurement [1]. Due to its half-life (98.7 years), the French National Radioactive Waste Management 
Agency (ANDRA) requests its monitoring in waste packages from an activity threshold of 1 Bq/g [2]. Consequently, a 
rapid and selective radiochemical procedure is needed to measure 63Ni in nuclear wastes.  

The reference radiochemical method which has been used for a long time in the laboratory is standardized [3]. It is 
based on the extraction of a Ni-dimethylglyoxime (Ni-DMG2) complex with chloroform followed by a back-extraction 
with diluted HCl. The aim of this work is to determine an alternative protocol that eliminates chloroform which is 
restricted through REACH regulation. An alternative method can be the precipitation of Ni-DMG2 complex followed 
by its dissolution in HNO3 [3]. Another procedure consist in implementing extraction chromatography where Ni 
precipitates on Ni® resin impregnated with DMG and is then eluted in HNO3 [4,5].  

The presentation will first focus on the optimization of the radiochemical procedures by performing speciation 
calculations with Chess® software. The second part of the work will be addressed to the application of the three 
separation methods to various types of radioactive wastes (polymers, ion exchange resins, effluents and steels). For all 
procedures, 63Ni is analyzed by liquid scintillation counting (LSC) whereas the separation yield is determined from 
stable Ni measured by ICP-AES. The results will be compared in terms of accuracy, separation yields, analysis time 
and waste production.  

References:  
[1] X. Hou et al., Anal. Chim. Acta 608 (2008) 105-139.  
[2] ANDRA (2008) ACO.SP.ASRE.99.002 acceptation specifications for nuclear wastes.  
[3] AFNOR (2001) NF M 60-317 standard.  
[4] O. Rosskopfova et al., J. Radioanal. Nucl. Chem. 289 (2011) 251-256.  
[5] P.E. Warwick et al., Anal. Chim. Acta 567 (2006) 277-285. 
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Development testing of the membrane installation designed to purify low-level solutions of the radiochemical plant 
was carried out. The purification technology of liquid radioactive wastes (LRW) includes the stages of selective 
sorption, ultrafiltration and two-phase reverse osmosis.  

LRW salt content is caused by hardness salts and sodium nitrate. LRW activity is due to radionuclides of cesium, 
strontium, cobalt, plutonium, americium, etc. In addition, the wastes contain oxalates, sulfates, phosphates and surface-
active substances. The objective of the tests performed was to purify radioactive drain solutions for them to meet the 
established regulatory requirements and to specify technical parameters of the purification process.  

The two operating modes of the treatment installation were tested: the maximum purification mode (selective sorption 
+ ultrafiltration + two-phase reverse osmosis) and the more economical operating mode (selective sorption + 
ultrafiltration + one-phase reverse osmosis).  

It was demonstrated during the tests that the use of the combined process of selective sorption and ultrafiltration 
ensures 99 % purification of the solutions from 137Cs. The content of the selective agent of 2-3 mg/l is enough to 
achieve the above-stated values. In the course of the installation testing in the economical operating mode the 
volumetric activity in the treated water varied from 5 to 6 Bq/l for alpha-emitting nuclides, and from 20 to 30 Bq/l – 
for beta-emitting nuclides. In compliance with the regulatory documents in effect in the Russian Federation the treated 
water with such volumetric activity may be used for technical purposes without any restrictions.  

The use of the installation in the maximum purification mode (two-phase reverse osmosis) allows decreasing 
approximately by an order of magnitude the volumetric activity of the water treated at the first phase of the reverse 
osmosis. The volumetric activity of alpha-emitting nuclides in the final purified water was reduced to the level less 
than 0.5 Bq/L, while the volumetric activity of beta-emitting nuclides achieved 4.0 Bq/l. More than 16,000 m3 of liquid 
low-level wastes (LLW) were treated during the development testing.  

The obtained results demonstrated that the proposed combination of membrane and sorption methods enables efficient 
purification of liquid LLW. The treated water may be used in the water circulation network of the Mayak PA or 
discharged into the open hydrographic system without any restrictions. 
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Tc-99 is a long-lived radioactive isotope; its main source is a spent nuclear fuel (SNF). Thus, it is necessary to localize 
Tc either into the glass or in the other solid matrix with a slight leaching or into the matrixes fitted for transmutation to 
prevent technetium escape into the environment. Due to the widely used hydrometallurgy flowsheet of the SNF 
reprocessing, Тс occurs as pertechnetate (TcO4

-) ion in the nitric acid solutions.  

The possibility of pertechnetate precipitation with organic complexes of Fe(II) was studied earlier. Among these 
compounds, o-phenantroline complex of iron(II) (Ferroine nitrate) provided most complete precipitation of 
pertechnetate ion.[1] The effect of the precipitant amount and the temperature of the initial and the precipitant 
solutions on the technetium precipitation from 1 M nitric acid solutions was studied.[2] The conditions providing 
maximal precipitation of Tc (up to 93±5 %) were determined. The main goal of this work was to study the mechanism 
of the precipitate formation under the conditions providing maximal technetium recovery from the solutions with the 
aim to obtain stable metal-technetium matrix.  

The precipitation of TcO4
- with Ferroine sulfate from the sulfuric acid solutions (with increasing H2SO4 concentration 

up to 3 M) was studied. Under these conditions the degree of Tc precipitation was 97±3 %. On changing sulfate to 
nitrate media the degree of technetium precipitation decreased to 93±5 %. The oxidation of Fe (II) to Fe (III) in the 
nitric acid solutions and its negative effect on Tc precipitation was demonstrated.  

Absorption (UV-vis) spectra of Tc in the course of its precipitation with Ferroine nitrate in 1 M nitric acid solutions 
were registered. It was found that no TcO4

- reduction in the presence of iron(II) in nitric acid media was observed. To 
confirm the composition of the precipitates formed under the conditions providing maximal recovery of Tc (up to 
93±5 %), their IR spectra were recorded. The IR band at 1384 cm-1 belonging to coordinated nitrate ion and the IR 
band at 900 cm-1 of TcO4

- ion were clearly observed. The IR bands at 300-600 cm-1 of crystal water were also detected. 
We proposed the following possible formula of the precipitating compound Fe(phen)3(TcO4)x(NO3)y•nH2O, where x 
and y changed from 0 to 2 and x+y = 2. Based on the precipitate with the highest degree of technetium precipitation of 
93±5 %, which contained maximal amount of Tc and minimal amount of nitrate-ion, the metal-technetium matrix was 
prepared.  
 

[1] Бойцова Т.А., Мурзин А.А., Бабаин В.А., Осаждение технеция из азотнокислых растворов органическими 
катионами и комплексами металлов. «Радиохимия-2012», Тезисы докладов, с. 200.  
[2] Т.А. Boytsova, А.А. Murzin, В.А.Babain, The pertechnetate-ion precipitation in nitric acid solutions with o-phen 
complex of iron (II) nitrate., «Russian-nordic Symposium on radiochemistry»,Аbstracts, p. 5, 
http://rnsr.org/images/7 %20boytsova.pdf 
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Radioactive waste produced by nuclear facilities usually contains significant amount of long-lived alpha- and beta 
emitters (e.g. 99Tc, 93Mo, 93Zr, 41Ca, 126Sb, 107Pd and 79Se). Characterization of radioactive waste is usually carried out 
only by gamma-spectrometry because of its easy application for determination of full activity level of the waste. It is 
the main required parameter of the waste for its categorization (low-, intermediate or high level radioactivity). Using 
gamma-spectrometry determination of long-lived alpha and beta emitters is not possible; however it would be 
important and useful for management of nuclear waste sites and for characterization, classification and final disposal of 
the waste. At the same time the international surveys shows that the radioactive wastes contain usually low level waste 
(1-10 Bq/g) in 40 % therefore their analysis could be highly important.  

In this work selenium-79 (79Se) was chosen as a key component of low-level radioactive wastes. Due to several 
technical challenges of the determination of this nuclide introduction and use of novel chemical and instrumental 
analytical methods are needed. 79Se is a beta emitter radionuclide originated from 235U fission. It is one of the long-
lived radionuclides (t½ ≈ 105 years) of interest in nuclear waste disposal. It has potential migration ability from the 
repository to the environment therefore it would have significant effect in the environmental pollution. Only few 
papers deal with the measurement of this radionuclide in low and intermediate level wastes despite of its significant 
presence. Measurement of 79Se using classical radiometric techniques is difficult because of its low activity.  

In this work ICP-MS technique was used for determination of 79Se due to its high sensitivity. This technique requires 
only small amount of the sample (mg) compared to radio-analytical methods which need sometimes kg-s from the 
samples. The aim of this work was to develop a radiochemical method for sample preparation before ICP-MS 
measurement. A new extraction chromatographic separation resin with selectivity for Se is under development. 
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Polonium is a highly radiotoxic element, whose main hazard comes from ingestion or inhalation. One of polonium’s 
isotopes, polonium-210 (Po-210) exists naturally from the uranium-238 decay. 20 % of the annual effective dose of 
Po-210 comes from inhalation of uranium and thorium radionuclides and 60 % from ingestion. To illustrate the 
radiotoxicity of Po-210, one may note that 1 μg of Po-210 emits as many alpha particles as 446 kg of uranium-238. 
Although Pierre and Marie Curie discovered the polonium (Po) element more than a century ago, physico-chemical 
properties of this element and its compounds and in particular complexes are still barely known. This can be explained 
by two main reasons: first, polonium is very rare in nature, being found in uranium ores at approximately a ration of 
100 μg/ton. Thus, an adapted cyclotron or a reactor is necessary to produce some of its isotopes. Second, polonium has 
thirty five known isotopes, all of which are radioactive. However, a better understanding of polonium’s affinity with 
organic or inorganic ligands is essential to improve techniques of biological decorporation or environmental 
remediation. In this context, there is a need in designing specific decorporating agent for polonium, having a high 
affinity for this element at a given oxidation degree. A novel water soluble multidentate “N2S2O2/N4O2” ligand 
complexing agent was designed and synthesized, as a potential new water soluble - selective chelating agent for 
possible polonium decorporation. This ligand presents a priori ideal characteristics for polonium complexation, i.e. a 
platform presenting four soft heteroatoms (N/S) and additional two pendant carboxylic groups to complete the 
octahedral coordination shell suitable for polonium (IV) complexation. Its affinity for polonium was studied at 
pH = 7.4 using a liquid-liquid extraction methodology. In parallel, theoretical calculations were applied to understand 
more specifically the nature of the “microscopic” interactions of polonium(IV) with the functional groups of the 
synthesized ligands. 
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Sorption method of liquid radioactive wastes (LRW) treatment with further immobilization of radionuclides into 
mineral-similar sorbents is suggested in this work. Described method can be used for decontamination of LRW from 
long-lived radionuclides 137Cs and 90Sr; it differs from other methods in higher efficiency of separation of 
radionuclides as well as in combination of stages of radionuclides concentration and immobilization with the aim of 
their long-term storage or final disposal. The mixed nickel-potassium ferrocyanide based on hydrated titanium dioxide 
was used as a sorbent. The method of production of this sorbent is developed by Radiochemistry and Applied Ecology 
chair of Ural federal university. Spent sorbent meets the demands for matrix materials, therefore, it can be 
disposed/storaged immediately in hermetically sealed container without additional immobilization into cement matrix, 
that will allow to reduce volume of RW and decrease storage expense.  

The possibility of decontamination of wide spectrum of LRW from caesium and strontium radionuclides was 
experimentally confirmed.The sorbent efficiently extracts radionuclides from neutral aqueous media: the value of 
distribution coefficient of Cs from tap water is 10(5,6±1,0) mL/g, static exchange capasity of Cs is 270 mg/g; 
distribution coefficient of Sr is 10(2,9±0,2) mL/g, capasity is not less than 34 mg/g. The sorbent can be efficiently used 
for extraction of caesium radionuclides from high level acidic (up to 7 M HNO3), saltiness (up to 10 g/L NaNO3) and 
alkalescent (up to 0,002 M NaOH) solutions. With solution acidity increasing, distribution coefficient of caesium 
decreases to 3.7∙103 mL/g at 3 mol/L of HNO3 and remains almost constant at more acidic solutions. Increasing of 
NaNO3 concentration up to 10 g/L also leads to decreasing of distribution coefficient of caesium; at NaNO3 
concentration up to 300 g/L Kd value remains almost constant on the order of 102,75 mL/g. It is not recommended to 
use the sorbent alkalescent solutions with NaOH concentration more than 0.01 mol/L in view of partitional destruction 
of the sorbent.  

It was shown that the sorbent can be efficiently used for decontamination of Cs-contaminated waters containing 
surfactants and EDTA. There is no any influence of surfactants on sorption of caesium at concentrations up to 10 g/L. 
The affect of EDTA on caesium sorption is determined. It is shown, that at initial concentrations of caesium up to 1 
mg/L there is no influence of EDTA concentration (up to 0.01 mol/L of EDTA) on sorption of caesium. Distribution 
coefficient of caesium at 10-3 mg/L of Cs is slightly lower than at 1 mg/L of Cs; the Kd values are respectively 
10(4.1±0.2) и 10(4.7±0.2) mL/g. Distribution coefficient of caesium decreases at EDTA concentrations higher than 
0.01 mol/L. When initial concentration of caesium is 10-3 mg/L, distribution coefficient of caesium doesn’t depend on 
EDTA concentration at whole studied concentration range and its value is 102 mL/g.  

Leaching rates of caesium and strontium from saturated samples of the sorbent were determined. When distilled water 
was used as a leachant, leaching rates were 3.7∙10-10 to 8.2∙10-12 g/(cm2∙day) for caesium and от 1,8∙10-10 to 1,2∙10-

12 g/(cm2∙day) for strontium; for tap water as a leachant leaching rates were 1,4∙10-11 to1,5∙10-12 g/(cm2∙day) for 
strontium. Thus, it was experimentally confirmed that the sorbent can be successfully used as a matrix material for 
immobilization of radionuclides. 
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Measuring radioactivity in food and for radiological monitoring of the environment around Nuclear Facilities or 
mining sites purposes requires a quantification of the radioactive isotopes (especially beta emitters) present in the 
different compartments (liquids or solids).  

Strontium 89 and 90 [1], both pure beta emitters are radioactive isotopes of interest. Because of their toxicity and the 
similarity of their chemical and physical behavior with calcium, these elements may be found through the food chain. 
After the Fukushima accident, the necessity of a rapid quantification of radioactive isotopes such as strontium 89 and 
90 appeared.  

The new technique developed deals with the determination of the activity concentration of strontium 89 and 90 in 
water. It includes two steps: the chemical separation by ionic chromatography and the measurement of the activity 
concentration of strontium 89 and 90 by Cerenkov Effect. In this poster, this chemical separation by ionic 
chromatography is explained.  

An automated separation has been developed and allows isolating strontium isotopes, including the radioactive ones: 
strontium 89 and 90. The separation can be done within one hour. It was achieved through the adaptation of existing 
analytical chemistry equipments with on-line couplings [2]. The protocol of separation is based on the use of ions 
exchange columns of Ionic chromatography, not as a separation and measurement technique of the cation but only as a 
separation technique. At the release time of the ion to be quantified, a fraction collector allows its recovery. The test 
portion collected is then analyzed with appropriate measurement techniques (radioactive measurement with a liquid 
scintillation counter (LSC) or mass spectrometry) to determine the activity concentrations of strontium 89 and 90.  

The results presented at the 17th Radiochemical Conference are linked to the development of the chemical separation of 
strontium by ionic chromatography. Studied parameters such as the collection time, the test sample volume, the resin 
capacity will be discussed. This optimized protocol was then tested with standard solutions and proficiency test 
samples.  

[1] Tovedal A, Nygren U, Ramebäck H. Methodology for determination of 89Sr and 90Sr in radiological emergency: i. 
scenario dependent evaluation of potentially interfering radionuclides. Journal of Radioanalytical and Nuclear 
Chemistry 2009; 282(2): 455–459.  
[2] L.Lazare, C.Crestey, C.Bleistein: Measurement of 90Sr in primary coolant of pressurized water reactor. Journal of 
Radioanalytical and Nuclear Chemistry 2009, 279(2): 633-638. 
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The recently developed apparatus named System СА® (Kit “Анфеж®”) and the procedure of its effective application 
for the concentration and determinination of low levels of radiocesium contamination in liquid media is discussed. The 
liquid media which can be analyzed by the System СА® include sea water, fresh water, drinking water, wine, milk, 
juice, human urine etc. The apparatus is designated to rapidly estimate radiocesium contamination of individuals by 
immediate determination of radionuclides in urine samples. Unlike the known analogs, this analytical Kit is cheap and 
simple in application. The main element of the system is a plastic chromatographic column which contains 10 to 100 g 
of granulated ferric cyanoferrate. This chemical is absolutely safe and harmless to human health and is widely 
recommended as an antidote in the case of radiocesium or thallium poisoning. It is shown experimentally that for 
quantitative determination of background levels of radiocesium in humans, the volume of the sample should be 900 to 
1000 ml of urine and the chromatographic pretreatment may take 3 - 5 min.  

Our research showed that this analytical Kit can be also used for high-speed concentration of radiocesium from large 
volumes of water solutions (to 1000 l of sea water) during a short period of time (to 30 min). According to the 
experimental testing, the analytical Kit allows quick transfer of the saturated sorbent from the chromatographic column 
to a well-type scintillation detector. The shelf life of the Kit is 5 years. 
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Extraction and separation of cesium and strontium is an important issue in radiochemistry, how to solve problems 
relative to the treatment of liquid radioactive waste (LRW), and for analytical purposes. The best extractants suggested 
for solving this problem are solutions of crown ethers in organic solvents. This paper presents the results of researches 
on the extraction of cesium and strontium by various substituted crown ethers from nitric acid solutions, and also from 
neutral solutions in the presence of activating additives. The following macrocycles: dibenzo-18-crown-6 (DB18C6), 
dibenzo-21-crown-7 (DB21C7), dibenzo-24-crown-8 (DB24C8), 4,4'(5')-di-tert-butyldibenzo-18-crown-6 
(DTBDB18K6), dicyclohexyl-18-crown-6 (DCH18C6) and 4,4 '(5')-di-tert-butyldicyclohexyl-18-crown-6 
(DTBDCH18K6) were examined. Polar solvents: 1,2-dichloroethane (DCE), nitrobenzene (NB), chloroform (CL), 
1,1,7-trihydrododecafluorheptanol (FH) were selected for researches.  

The effect of the crown ether structure, the solvent nature and the acid concentration was determined in the extraction 
of cesium and strontium from nitric acid solution containing 100 mg/L Cs and Sr and 0.1 - 5 mol/L of HNO3 into 0.1 
mol/L crown ethers in organic solvents. It has been established that all investigated dibenzocrown ethers considerably 
extract cesium and don’t extract strontium. At the same time dicyclohexylderivatives are the effective extractants for 
strontium and don’t extract cesium. The dependence of the distribution coefficients of metals (DCs and DSr) on the 
concentration of nitric acid has an extreme character with the maximum at 1 - 3 mol/L HNO3 depending on the solvent 
nature. The difference in the extraction ability of dibenzo- and dicyclohexylderivatives of crown ethers may be used 
for the separation of radionuclides of cesium and strontium from nitrate media.  

Also, the processes of extraction of cesium and strontium by 0.01 M solutions of macrocyclic polyethers in organic 
solvents from neutral nitrate, chloride and sulfate aqueous solutions in the presence of activating additives were studied 
in this work. Under these conditions, DCs and DSr in the absence of activating additives are close to zero for all 
examined crown ethers. The introduction of various metal salts as activators into the extraction system doesn’t change 
this situation. Only in the presence of lithium bis(trifluoromethylsulfonyl)imide (CF3SO2)2NLi both dibenzo and 
dicyclohexylcrowns extract cesium from the aqueous in to the organic phase with noticeable DCs. Under these 
conditions strontium is extracted insignificantly only by dicyclohexylderivatives. Our studies have shown that the 
application of the proposed (CF3SO2)2NLi activator allows to solve the task of the efficient separation of cesium and 
strontium by extraction with dibenzocrown ethers from neutral solutions. These systems can be used for developing 
analytical techniques and solving problems in radiochemistry. 
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A variety of aqueous radioactive wastes are generated during the operation of reactors and other nuclear fuel cycle 
facilities. The evaporation of low level effluents is a common operation that gives rise to such wastes in a form of 
evaporator's concentrates. Concentrated aqueous wastes from a number of sources have variety of 
chemical/radiochemical composition. Such solutions contain high concentration (10 ÷ 500) g∙L-1 of dissolved salts. 
The radionuclides present in these wastes, also known as wet solid wastes, included fission products, activation 
products and actinides. Due to their composition and activity, they are adjusted to the form suitable for long-term 
storage in appropriate repositories.  

The extraction chromatography is a good alternative for separation of radionuclides from these radioactive wastes.  

The purpose of this study was to develop suitable and advanced analytical separation procedure of 237Np, 239,240Pu, 
238Pu and 241Am for their determination in evaporator's concentrate which results from waste management operations at 
commercial Nuclear Power Plant.  

The extraction chromatography with commercial available resin AnaLig®Pu02 was a method used for the separation of 
237Np, 239,240Pu, 238Pu and 241Am from simulated evaporator's concentrate samples and actual evaporator's concentrate 
from Mochovce NPP, Slovakia. Currently, there are two units in operation at Mochovce NPP. The other two units are 
under construction. The reactors are of the Russian WWER-440 design. The predicted overall production of 
concentrates from four reactors at Mochovce NPP is 600 m3 per year. The evaporator's concentrate which is 
represented by fluids of dark brown colour belongs to the most difficult sample of analysis. Samples of WWER-type 
units contain a high content of boric acid with concentration of borates up to 100 g•L-1. Borates tend to precipitate from 
solution when there are changes of pH. Solubility of boric acid and borates generally increase with increasing 
temperature. At pH > 10, boric acid is in the meta borate form [B(OH)4]- with solubility of (14 ÷ 34) wt % from 0 to 
50 °C. The specific activity lies in the range between (3.7 ÷ 7.4) x 107 Bq∙L-1. For this reason, treatment of the sample 
is very important. The pH of samples of model and actual solution of evaporator's concentrate was adjusted to ~ 13 by 
adding of NaOH because of higher solubility of borate solution.  

There was a method developed on the model samples of 5 mL volume and hence applied on actual solution of 
evaporator's concentrate of the same volume as well as conditions of separation were optimised. Samples were spiked 
with 237Np, 241Am and 239Pu to determine the radiochemical yields of separation procedure. After evaporation, sample 
was dissolved in 4 M HNO3. AnaLig®Pu02 resin can only extract tetravalent actinides, oxidation states of monitored 
radionuclides were adjusted by adding of 0.5 g NaNO2 and sample was transferred to a column. The success of the 
separation process depends on choice of suitable elution agent. Americium was eluted with 8 M HNO3, plutonium with 
0.5 M NH4I in 7 M HCl and neptunium with 9 M HCl with addition of TiCl3. ORTEC 576A α-spectrometer equipped 
with ULTRATM ion implanted silicon detectors (600 mm2 active area) was used for counting the alpha radioactivity. 
The spectra were processed by using the Alpha-vision TM 32-bit emulation software from the EG&G ORTEC 
company. This method reduces analysis time, cost, labour, organic solvent consumption and disposal and provides 
high radiochemical yields.  

Key words: radioactive wastes, extraction chromatography, americium, plutonium, neptunium, tracer techniques, alpha 
spectroscopy 
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Activated carbon can potentially be used as an adsorbent for removing Tc from aqueous solutions. We have prepared 
and tested five carbon materials for their capabilities for sorption of pertechnetate (TcO4

−). A carbon materials were 
prepared by soaking of fibrous cellulose with different solutions containing inorganic materials suitable for creation of 
micropores and after drying, material was carbonized at 500-800 °C. Prepared carbon materials were characterized by 
BET, acid-base titration, XRD and TEM methods.  

Sorption of TcO4
− on carbon sorbents is fast. For some sorbents even 1 minute is enough to reach more than 99 % 

sorption. Sorption of TcO4
− is pH dependant. Maximum Kd was in acidic pH (pH 2-3) and reach about 7 104. Kd 

were decreasing with increasing pH. In sample B sorption of TcO4
− was high even at pH 8 (Kd 5x103). 
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Groving interest in the research of radium chemistry, its use as target material in nuclear reaction studies and 
preparation of calibration sources leads to a higher demand for 226Ra in readily available soluble form. Aged radium 
needle sources containing very insoluble radiobarite may serve as source material of 226Ra and its decay products (e.g. 
210Pb). We descibe here several methods for [226Ra]BaSO4 dissolution including microwave assisted reaction and 
compare their efficiency in model experiments. 
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Discharge of aqueous radioactive waste from nuclear industry has become a major concern all over the world due to its 
potential to pollute portable water sources. Radiocobalt is one of the most problematic radionuclides in the effluent 
from nuclear industry because of its high gamma decay energy. A number of methods have been developed to remove 
these radionuclides from the discharge of nuclear industry. Among these methods, adsorption is one of the cost-
effective approaches used to treat the radioactive waste. In this work, the stable cobalt was chosen as adsorbate to 
simulate the radiocobalt in the adsorption process. The radiocobalt has similar chemical characteristics as stable cobalt. 
Permutite, a man made zeolite, was employed an adsorbent to remove Co(II) from synthetic solution. The adsorption 
of Co(II) onto permutite was studied as a function of contact time, solution pH, ionic strength and solid content by 
using batch technique. Permutite was selected because it contains little impurities and has almost the same particle size 
as natural zeolites, furthermore it has better cation exchange capacity compared with natural zeolites. The results 
revealed that the adsorption behavour of Co(II) was significantly dependent on the solution PH and ionic strength 
under ambient conditions. The adsorption efficiency grew as the solution pH increased at pH<8.0, and dropped slightly 
as the solution pH increased at pH>9.5. The adsorption of Co(II) achieved the equilibrium quickly, and the kinetic 
sorption was fitted well by a pseudo-second-order rate equation. The main mechanism of Co(II) adsorption on 
permutite at low pH values was ion exchange and/or outer-sphere surface complexation, while at high pH values was 
inner-sphere surface complexation. The adsorption isotherms were simulated by the Langmuir model at three different 
temperatures of 298.15, 318.15 and 338.15 K. The thermodynamic data which were calculated from the temperature 
dependent adsorption isotherms suggested that adsorption behavior of Co(II) on permutite was spontaneous and 
endothermic process. From the experimental results, permutite can be a cost-effective adsorbent for disposal of the 
effluent of nuclear industry.We thank the finical supports by the National Natural Science Foundation of China (Grant 
No. 11275147).  

Key words: Adsorption, Co(II), Permutite, Kinetic, Thermodynamic data 
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Artificial radionuclides are released into the environment as a result of nuclear facility accidents and nuclear weapon 
testing. Among them, strontium, plutonium and cesium are the most frequently monitored in environmental studies. 
After Fukushima accident, changes of Cs-134/137 concentrations in seawater adjacent to Fukushima are well 
documented. However, radiostrontium or plutonium concentrations are poorly reported. It is reason that the chemical 
separation is necessary to determine strontium and plutonium, being beta/alpha emitters, while preconcentration of 
seawater for gamma emitters is relatively easy. Sequential separation method of Sr and Pu in seawater is studied to 
prepare for emergency.  

In general, 50~100L of seawater was needed to determine environmental level of strontium or plutonium in seawater. 
Casauberta (2013) reported that Sr-90 concentrations were increased by 80 times rather than background levels in 
Pacific oceans (1.2 Bq/m3) after the accident. At the emergency, 10L of seawater is enough to estimate the impact of 
the accident. We developed the rapid separation method of Sr and Pu in 1L of seawater and applied it for 10L of 
seawater. Co-precipitation and extraction chromatography (TEVA, Sr-resin) were used for preconcentration and 
chemical purification of target radionuclides. And precipitates were dissolved in 8M HNO3, and passed through TEVA 
resin and Sr-resin, in order. TEVA resin does not hold Sr in the 8M HNO3 medium, while Pu shows maximum uptake. 
A modular automated radionuclide separator (MARS) developed by our laboratory was applied for purification of Pu 
and Sr-90. Automated approaches show high potential applicability in emergency preparedness in terms of reducing 
labor, costs, worker exposure and high throughput. For 1L of seawater, yield of Sr and Pu is 90 % and 82 %, 
respectively and the separation time is less than 3 hrs. The separation of Pu and Sr-90 in 10L of seawater was finished 
within 10 hrs and yield of Sr and Pu was 60 % and 55.2 %, respectively.  

References:  
[1] Casacuberta et al. 90Sr and 89Sr in seawater off Japan as a consequence of the Fukushima Dai-ichi nuclear accident, 
Biogeoscinece, 2013, 10, 3649-3659. 
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Actinides recycling by separation and transmutation are considered worldwide as one of the most promising strategies 
for more efficient use of the nuclear fuel as well as for nuclear waste minimization, thus contributing to make nuclear 
energy sustainable. With this purpose, two major fuel reprocessing technologies have been explored so far to separate 
the actinides from the fission products arising from nuclear energy production: hydrometallurgical and 
pyrometallurgical processes.  

Fast neutron reactors allow more efficient use of uranium resources. In addition this type of reactors is capable of 
burning long lived actinides (including those accumulated in thermal reactors spent fuel) thus reducing radioactivity of 
nuclear wastes. Application of fast reactors results in considerable increase of fuel burn up and, if the reactor is 
operated as breeder, reproduces fissile materials. At present non-aqueous pyrochemical methods employing molten 
salts and liquid metals are developed for reprocessing spent nuclear fuels (SNF) of fast reactors. Inorganic melts have 
very high radiation stability and can be employed for organizing a short closed fuel cycle. Fissile elements and fission 
products dissolved in a salt melt can be separated employing selective extraction by liquid metals. Detailed information 
on the properties and behavior of all elements present in SNF in fused salts and liquid metals is required to design a 
feasible separation process and these include rare earth elements representing an important group of fission products.  

Behaviour of lanthanum has so far been studied only in binary systems, Nd-Ga and Nd-In and the behaviour of 
uranium – only in binary systems, U-Ga [4] and U-In. There is no information on thermodynamic properties of 
lanthanum and on separation factor of uranium from lanthanum on metallic Ga-In alloys. In the present study the base 
thermodynamic properties of lanthanum and the separation factor of uranium from lanthanum was determined in Ga-In 
eutectic alloy.  

For calculation of thermodynamic properties of lanthanum and the separation factor of uranium from lanthanum the 
galvanic cells (1) and (2) were used:  

Mo(s) (La}| 3LiCl-2KCl, La(III)|| 3LiCl-2KCl | С(s), Cl2(g) (1)  
La (alloy) | 3LiCl-2KCl, La(III)|| 3LiCl-2KCl | С(s), Cl2(g) (2)  
Variation of the apparent standard redox potential of the couple La(III)/La as a function of the temperature is: 
 E*La(III)/La = - (3.731 ± 0.004) + (8.3 ± 0.6)∙10-4T ± 0.003 V (3) 
Variation of the apparent standard redox potential of the alloy Me(Ga-In) as a function of the temperature were fitted 
to the following equation using Software Origin Pro version 7.5. 
E**La(III)/La(Ga-In) = - (2.906 ± 0.003) + (5.72 ± 0.06)∙10-4T ± 0.002 V (4) 
E**U(III)/U(Ga-In) = - (2.508 ± 0.006) + (3.82 ± 0.11)∙10-4T ± 0.003 V (5)  
The activity coefficient of the lanthanum in liquid gallium – indium alloy was determined by equation (6): 
logγLa(Ga-In) = 3F/2.303RT∙(E*La(III)/La – E**La(III)/La(Ga-In)) (6) 
logγLa(Ga-In) = 3.91 – 12496/T ± 0.08 (7)  
The expression for calculation of the separation factor (θ) of the metals M1 (uranium) and M2 (lanthanum) on gallium-
indium eutectic alloy can be written as: lnƟ = [(n-m)FE + mFE**2 – nFE**1]/RT (8)  
Using the temperature dependences of the apparent standard potentials of lanthanum (4) and uranium (5) in alloys, the 
following expression for separation factor of uranium and neodymium was obtained:  
lnƟ = -6.61 + 13859/T ± 0.02 (9) 
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Uranium is one of the most dangerous radionuclides which makes a major contribution to the total alpha-activity of 
liquid nuclear wastes.  

The most promising method for the extraction of radionuclides, including uranium from aqueous media is solid phase 
extraction. In the last time, different inorganic sorbents (including natural zeolites) having certain advantages over 
synthetic organic ion exchangers are widely used for the liquid nuclear wastes treatment.  

Inorganic sorption materials have a high chemical and radiation stability and exhibit high selectivity for certain 
radionuclides which strongly depends on the pH of aqueous media. Among the inorganic sorbents considerable 
attention paid to the development of fine sorption materials, which open new possibilities for creating highly efficient 
process units. A feature of such materials is a large ratio between surface area and volume, which can significantly 
increase their adsorption capacity. Promising compounds that can be used to produce such materials are fine powders 
of divalent metal sulfides. It is well known that functional properties of sorbents are largely determined by the size and 
shape of the particles as well as surface morphology.  

The goal of this work was to obtain fine powders of ZnS and to study their sorption properties towards U(VI) at 
different pH of aqueous medium.  

One of the possible ways of using zinc sulfide particles for analytical purposes is the creation on their basis of 
sorption-scintillator materials for the determination of low concentrations of alpha radionuclides in natural waters. 
Sphalerite ZnS with the size of particles of 100-200 nm was obtained using the method of chemical deposition from 
thiourea solutions. Obtained powders were characterized by XRF, SEM and IR techniques. Sorptive properties of ZnS 
towards U(VI) at pH 2-9 were studied in batch experiments at 25 ºC using the method of limited volume.The time 
required to establish sorption equilibrium between the solution and the sorbent was determined from the kinetic 
curves.It was found that sorption equilibrium in the studied system at pH 7 is established during 60-90 min. The 
concentration of U(VI) in solutions after sorption was determined by a luminescent method.Luminescence spectra and 
excitation of uranyl ions were recorded using spectrofluorimeters Avantes(Netherlands). Recovery rate of U(VI) in the 
range of pH 2-9 was 95-99 %. Relative measurement error at a confidence level 0.95 didn't exceed 1 %.  

The observed sorption's features of uranyl ions by fine zinc sulfide enable to assume that for this kind of the sorbent 
may be different types of sorption processes. Structure sulfide sorbents based primarily on close packing of atoms, 
which are almost always eliminates the formation of voids in the structure of the appropriate sorbents,than for them are 
less characteristic sorption acts related to the exchange and non-exchange absorption of ions in the structural voids.  

High recovery rate of uranyl-ions obtained for ZnS fine powders makes possible their use for water decontamination 
purposes as well as for analytical concentration followed by determination of uranium radioactivity by alpha 
spectrometry. 
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Among neutron deficient Tc isotopes, 95mTc is a useful radiotracer due to a relatively long half-life (T1/2 = 61 d), and 
high abundance of its gamma-rays. It can be used for studying of a behavior of 99Tc in the environment and waste 
disposal, as well as in the development of new radiopharmaceuticals of 94m, 99mTc. Radioisotope 95mTc can be obtained 
by a bombardment of Mo-enriched and Nb targets with protons or alpha particles[1].  

In the present work 95mTc was obtained by proton irradiation of natRu targets. Ru or RuCl3 powder with a natural 
isotopic composition was irradiated. The irradiation condition was 20 nA as proton of energy 60 MeV for 2-3 h at the 
Cracow AIC-144 cyclotron.  

At first stage an investigation of volatilization of Tc, Rh and Ru as oxides by heating the target material – RuCl3 
powder in an O2 stream was carried out. At second stage, the investigation with Ru powder as target material was done 
in the same experimental conditions as for studies of RuCl3 as target. The similar thermochromatograms were obtained 
for carrier-free Rh and macroscopic amount of Ru. One oxide of Rh was detected.  

Thermochromatogram of macroscopic amounts of Ru oxides showed wide peak in temperature range from 1340K to 
300K. This peak corresponds to the oxides: RuO2 and RuO3[2-4]. Two peaks of carrier-free Tc have been observed at 
620 K and 320 K for RuCl3 target and one peak at 850 K with right-sided tail for Ru target. Thermochromatograms 
characteristics of Tc i Ru indicate a continuous migration of Ru and Tc oxides into lower temperature[2-4]. In the case 
of RuCl3 target, the additional formation of volatile Tc and Ru oxychlorides can not be excluded. Taking into account 
obtained results for isolation Tc from RuCl3 target, high-temperature part of temperature gradient was extended. Tc 
carrier-free radionuclides were trapped in scrubber with 6 Mol/l HCl. In these experimental conditions about 1 % of 
total amount of Ru was catched in scrubber, too.  

The performed studies made it possible to obtain the following conditions for the separation Tc process: mass of RuCl3 
target about 35 mg, starting temperature 1373 K, exposure time 100 minutes, O2 flow rate 60 cm3/min. In all 
experiments one peak of Rh was detected, probably as RhO2, at this same adsorption temperature independently of 
gradient temperature, exposure time and irradiated target material Ru or RuCl3 powder. The stable position of Rh peak 
during experiment indicates the possibility of separation Rh from target material. Further investigation is planned.  

Acknowledgement: The work was done within framework of Polish Governmental Strategic Project: Supporting 
technologies for the development of safe nuclear power, Action 4: Development of techniques and technologies 
supporting management of spent nuclear fuel and radioactive waste (No SP/J/4/143321/11).  

[1] M. Izumo, H. Matsuoka, T. Sowita, Y. Nagame, T. Sekine, K. Hata, S. Baba „ Production of 95mTc with Proton 
Bombardment of 95Mo” Applied Radiation and Isotopes 42 (1991) 297  

[2] A. Steffen, K. Bachmann, "Gas chromatographic study of volatile oxides and hydroxides of Re, Tc, Os, Ru and Ir - 
I Investigation by isothermal gas chromatography", Talanta, 25, 1978, 551  
[3] A. Steffen, K. Bachmann, "Gas chromatographic study of volatile oxides and hydroxides of Re, Tc, Os, Ru and Ir - 
II Thermochromatographic investigations", Talanta, 25, 1978, 677  
[4] B. Eichler, F. Zude, W. Fan, N. Trautman, G. Herrmann, "Volatilization and deposition of ruthenium oxides in a 
temperature gradient tube", Radiochimica Acta, 56, 1992, 133 
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As the toxicity of certain element depends very heavily on their physico-chemical form, it is important to be able to 
monitor levels of the individual species. Arsenic occurs everywhere in the environment in various forms, including 
trivalent and pentavalent states, inorganic and organic compounds. In general, pentavalent arsenic is considerably less 
toxic than trivalent arsenic; inorganic arsenic is more toxic than methylated and other organo-arsenicals. Arsenic 
speciation in food and dietary supplements is essential in order to provide a meaningful assessment of exposure due to 
differences in toxicities of the chemical forms.  

In this study, ion chromatography has been coupled with mass spectrometry to quantitatively determine arsenic species 
in Korean marine samples We made use of Inductively Coupled Plasma-Mass spectrometry as a sensitive elemental 
detector in combination with a selective separation technique such as ion chromatography provides information on the 
chemical form of arsenic compound in some samples.  

The standard seven arsenic species of Arsenite (As3+), Arsenate(As5+), AsC (arsenocholine), DMA (dimethylarsinic 
acid), MMA (methylarsonic acid), AsB (arsenobetaine) and TMAO (trimethylarsine oxide) were separated with 
chromatographic methods, then the arsenic species were selectively detected by ICP-MS. Various extraction 
procedures were also investigated using reference materials to evaluate the extraction efficiency of the different arsenic 
species in Korean marine samples 
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The solvent extraction was described for determination of the plutonium presented in the environmental samples. Tri-
n-octylphosphine oxide (TOPO) and di-2-ethylhexyl phosphoric acid (HDEHP) were used as the significant reagent of 
extractants of the plutonium. The extraction properties of TOPO and HDEHP for tetravalent plutonium in 5 mol.L-1 
HNO3 into toluene were investigated. The optimal concentration of TOPO for extraction of plutonium was determined 
(1.10-2 mol.l-1 and higher). These solutions are easily measurable by liquid scintillation method without any further 
adjustment procedures. The dependences of equilibrium ratios of the plutonium on analytical concentration of 
chelating agents and pH were studied. The structure of the complex in the organic phase was determined as 
Pu(NO3)4.2TOPO and the value of extraction constant was calculated. Trivalent lanthanides and actinides, important 
fission products as cesium, zirconium, strontium and also thorium, uranium with concentration up to 1.10-4 mol l-1 and 
iron with concentration up to 5.10-3 mol l-1 do not interfere. The goal of this work was to develop selective solvent 
extraction method for the separation of plutonium. 
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Radioactive waste contains a variety of radionuclides and arises in a variety of physical and chemical forms. In Poland, 
the amount of activity and waste volume of liquid wastes are relatively small, mostly from operation of research 
reactor. Despite of the low level radioactivity involved, there are many significant hazards that could arise as a result of 
inadequate management. Treatment of liquid wastes is needed to produce a waste product suitable for long term 
storage and disposal. Our idea of immobilization of the 137Cs radionuclide in the matrix of TiO2 is based on the initial 
sorption of 137Cs on titanium ferrocyanide (TCF) and then converting TCF to the TiO2aq by hydroxide solution and 
calcination of the product to ceramic.  

We showed that the TCF is a very effective sorbent for 137Cs. In the column experiments we did not observed any 
breakthrough of the column after passing 10000 bed volumes of the saline solution spiked with 137Cs . After adsorption 
of the 137Cs on TCF hydroxide solutions were passed through a column and degree of transformation of TCF to TiO2 
and leakage from the column was examined. Hydroxides used were as follows : LiOH , NaOH , KOH , and 
(CH3)4NOH.  

The obtained results indicate that all hydroxides studied convert, in 100 percent, the black TCF to the white TiO2aq. 
However, when using NaOH and KOH competing influence of the cations K+ and Na+ causes leakage of 137Cs from 
formed TiO2 aq. Much better results have been obtained using tetraalkylammonium hydroxide and particularly lithium 
hydroxide. Competitions from bigger tetraalkylammonium cations and hydrated Li+ on sorption of small hydrated Cs+ 
cation is negligible. Collected samples of the titanium oxide with adsorbed 137Cs were next calcined at 900 °C and the 
leaching of radionuclides has been studied.  

Acknowledgments: This work was carried out as part of the Strategic Project ‘‘Safe Nuclear Power Engineering 
Development Technologies’’ supported by The National Centre for Research and Development, Poland. 
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Milk is one of the special important matrices to be rapidly assessed its radioactive contamination in emergency 
situations such as a nuclear plant accident. Because of its chemical and biological similarities to calcium in milk, 
radiostrontium can be incorporated into human organism, preferentially in bone tissue, by milk ingestion. Development 
of rapid analytical methods for radiostrontium in milk is essential for emergency situations. Both 89Sr and 90Sr, 
produced by the fission reaction of nuclear fuel in a nuclear reactor, are beta emitters which require radiochemical 
separation for radiometric analysis. The conventional methods for the determination of radiostrontium in milk using 
time consuming sample preparations and manual chemical separations are usually too slow to take measures for 
emergency situations.  

A modular automated radionuclide separator for 89/90Sr (MARS Sr-90) has been developed for the rapid and 
reproducible isolation of radiostrontium. MARS Sr-90, designed and built in our laboratory, was successfully applied 
to the isolation of radiostrontium in milk samples. MARS Sr-90 consists of four parts; a control module, a pump 
module, a valve module and a column module. Control software developed on the LabView platform is a virtual 
instrument to control MARS Sr-90 by means of manipulating the most important input parameters through the 
graphical user interface on the computer screen. The automated radiochemical procedures for separation and 
purification of 89/90Sr in milk are developed. MARS Sr-90 uses cation exchange resin for pre-concentration of 89/90Sr 
from a milk matrix and Sr-Spec resin for purification of 89/90Sr from interfering radioactive nuclides. By using MARS 
Sr-90 with rapid flow rates, sample preparation time is minimized. The activities of purified 89/90Sr are simultaneously 
determined by the measurement of the Cherenkov radiation of 89Sr and liquid scintillation radiation of 90Sr using 1220 
Quantulus liquid scintillation counter. The developed automated radiochemical procedures provide a rapid, safe and 
reproducible separation of 89/90Sr from milk samples. Compared to conventional 89/90Sr separation methods carried out 
manually, MARS Sr-90 is faster, less labor intensive and expected to be widely used as a powerful and convenient tool 
for the chemical separation and purification of 89/90Sr found in various foodstuffs for an emergency situation. 
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Among the fission products of U-235 are: Sr-90 and Tc-99. Information on their content in primary coolant water is 
very important because it indicates the state of the fuel rods in NPP. Different analytical methods could be used for the 
determination of Tc-99 and Sr-90, however each method requires separation and/or preconcentration of determined 
radionulide. The problems are also related to large volume of samples, what is the case of coolant water. This study 
outlines some batch and column studies for selective separation of strontium and rhenium (as an analogue of 
technetium) using commercially available sorbents and ion-exchangers. Preliminary results suggest, that it is possible 
to separate strontium and technetium from boric acid (main components of primary coolant water and from other beta-
emitters.  

Acknowledgments:  
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Operation of nuclear power plants and other nuclear industry require solution of the following issues: decontamination 
of the main equipment and working area, treatment of low radioactive waste (LRW). These problems are closely 
related to each other, i.e. ineffective treatment of LRW generates large amounts of radioactive waste with complex 
chemical composition. Behaviour of radionuclides in such processes as sorption, ion-exchange, ultrafiltration, etc., 
which are used for removal of radionuclides from solution, is largely determined by their speciation in solution.  

Speciation of iron (III), cobalt (II) and manganese (II) in aqueous solution was studied. A pH range of existence for 
mononuclear and soluble polynuclear hydroxo complexes, as well as colloidal particles in the media of weak and 
strong complex anions was found. It was shown that the presence of complex anions (oxalate, phosphate, iodate, 
EDTA etc.) affects the hydrolysis and precipitation of metal ions in aqueous solution. The presence of complex anions 
in aqueous solution shifts the beginning of the radionuclides (60Co, 54Mn, 109Cd, 65Zn) coprecipitation with iron (III) to 
higher pH values. The higher the concentration of the complex anion in solution, the higher pH is needed for 
coprecipitation of the radionuclides. A treatment technology of aqueous solutions with complex chemical composition, 
containing different radionuclides (60Co, 54Mn, 109Cd, 137Cs, 110mAg, etc.) as well as used deactivation solutions and 
acidic filtrates from separation columns, was developed. It was shown that by coprecipitation with iron (III) and 
ultrafiltration at certain conditions total decontamination of the solutions from 60Co, 54Mn, 109Cd, 137Cs, 110mAg 
radionuclides is reached. Therewith, decontamination factor of 1.103 using one stage and of 5.106 using three stages 
purification for 109Cd were obtained.  

The results of speciation studies show that iron (III) can be precipitated in the presence of organic complex agents, in a 
form of iron (III) hydroxide, and the radionuclides can be coprecipitated with it. Therefore, coprecipitation can be used 
as a possible way for decontamination of the radioactive solutions for removal of radionuclides. 
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Radiation situation in occupied areas of nuclear reactor plants is much determined by the activity of loose corrosion 
product deposits (crud) in the primary system. Co-60 present in crud is the major contributor to personnel exposure 
because it has a long half-life period and emits hard γ-radiation. Experimental studies have been performed to analyze 
the possibility of reducing Co-60 in crud on the primary system surfaces. Mechanisms of hydrolysis polymer product 
formation in mixed nitrate solutions of Fe(III) + Al(III) + Co(II) have been investigated. This hydrolysis process 
models hydrolysis of corrosion products in the primary coolant water where aluminum salts are added. Analyses have 
been carried out with gel permeation chromatography and radioisotope and elemental analysis methods. The analysis 
results show that almost all Co(II) ions which entered hydrolysis polymer products during their initial formation are 
substituted by aluminum ions as the polymer products age. Since these polymers are precursors to occurrence of loose 
corrosion product deposits on the primary system surfaces and these deposits include Co-60 as the most important 
source of radiation exposure, the analysis data attributes improved radiation situation in the occupied areas to addition 
of aluminum salts to the primary coolant water and demonstrates the usefulness of this addition. 
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Technetium and rhenium heptasulfides were among the first synthesized compounds of these elements as considered 
the convenient route for Tc and Re separation from aqueous solutions. Although in the first works its composition was 
established as M2S7 (M = Tc, Re) it was rather surprising in view of Tc and Re redox potentials being in contradiction 
with those of S2-. No reasonable thermodynamic data is available on the solubility of these compounds mostly due to 
the variety of chemical nature ascribed to these compounds and difficulties in its nano- and micoro- size 
speciation/attribution. Only the formation kinetics and colloidal particle size speciation studies [1-3] provided with 
some reliable information on Tc concentration dependences. Structure unit fragment Tc3S13 for technetium sulfide acc. 

-S atom inside it and the planar vacancies filled with 
multiple disulfide ligands, thus explaining the excesses of S in this compound. In the growing process of Tc-S colloid 
system, the size of colloid particles was shown to increases by deposition of Tc sulfide on the particle surface, not by 
coagulation of the particles [3]. Recently mixed oxo-sulfide species of Tc were characterized [5].  

Here we continue microcentrifuge size speciation in course of the reaction of Tc(VII) and Re(VII) with sulfide and 
follow it with size speciation of generated particles in the solution by SAXS at specialized small angle diffractometer 

capillaries, registration with ImagingPlate). Based on Log(I) = f(s2) plots, s = 4πsin(Θ)/λ) for the aged samples two 
types of species were observed in Re sulfide colloidal solution by SAXS. Small particles were monodisperse and quite 
isotropic with Rg = 0.31 – 0.45 nm. Large particles were disc shaped with 40 nm in diameter and 5 nm height. Both 
methods supported induction period and kinetic dependent on the [Na2S] in the solution and the order of mixing the 
reagents. Based on the similarity of chemical behavior we suggest similarity in composition of technetium and rhenium 
species obtaind in the identical conditions. The stability of M3S10 (M = Tc, Re) in the resulting solution was dependent 
of the S2- concentration in it. When higher than 0.06M Na2S, further grouth of Tc and Re sulfide particles occurred for 

2S] ≤ 0.04 M, the M3S10 was reoxidized by present air to 
Tc(VII) within 175-200 hours thus being resolubilized. The determination of the free Tc and Re species concentration 
with separation of ionic or nanocolloidal particles with 5 kD “Sartorius” ultramicrocentrifuge tubes gave evidence on 
the M3S10 nanosulfide formation similar to that observed in [4]. The equation for the Tc sulfide solubility based on 
these figures was evaluated.  
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Here we present the results of study of interrelations between thermal solidification and selective sorption properties of 
resorcinol-formaldehyde resins of resol type in highly mineralized alkaline media. Using thermal analysis we have 
observed a series of exo- and endothermal effects, determined the maximum temperature of thermal treatment, and 
revealed features of resin solidification in Na- and K-forms.  

Investigations of Cs-137 sorption under static conditions have shown that resorcinol-formaldehyde resins heated at 
100-130 °C have low chemical stability in 0.1M NaOH solutions, which has a negative impact on Cs uptake. The 
increase of temperature during thermal treatment stage results in the increased chemical stability and the selectivity of 
cesium sorption in highly mineralized alkaline media. We believe that this process is related to the decomposition of 
methylol groups of resitols under elevated temperature and to the formation of new reaction centers, which finally 
leads to formation of resitols with highly cross-linked polymer network. Such structure determines high selectivity of 
the resin to cesium and its stability in alkalines. 
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One the most inportant fission products, considered in radiaoctive waste disposal, is is radioiodine (131I). The most 
notable iodine radioisotopes are 131I and 129I, with half-life 8 days and 15.7 million years respectively. They have 
potential radiological effect on the human body and the environment due to of their large nuclear yield, volatility and 
especially accumulation in thyroid tissues. Therefore it is necessary to control their release from nuclear power plants 
and potentially from disposed radioactive waste.  

The efficient adsorption unit for the atmosphere cleanup system is needed to capture the iodine isotopes. Activated 
carbon as adsorbent is widely utilised for this purpose. However, activated carbon has poor iodine retention at higher 
temperatures which are necessary during waste treatment. Another disadvantage of activated carbon is ignition change 
in presence of nitrogen oxides. Therefore, the development of new thermally stable adsorbents is envisaged.  

In presented work, nanomaterials, based on pure nickel oxide, mixed nickel zinc oxide, or nickel oxide doped with 
silver were developed and tested as potential adsorbents for efficient iodine removal. Simple metal oxides exhibit 
sufficient radiation and thermal stability. Further improvement of sorption properties may be gained by the 
functionalisation of nanofiber materials with nickel oxide.  

Tested powders were produced by photoinduced precipitation of solid precursors from aqueous solutions containing 
soluble nickel salts, followed by low temperature calcination.  

The sorption properties of nanomaterials were tested by the method based on Standard Test Method for Nuclear-Grade 
Activated Carbon (ASTM D3803). In comparison with commercially available nickel oxide, newly developed 
materials show significantly higher sorption capacity.  

Acknowledgements: We thank for the support from Ministry of the Interior of the Czech Republic (Project No. 
VG20132015132). 
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Environmental samples are sometimes quite unique – the mass of sample collected frequently on remote locations is 
limited due to need of transportation by hands. The advantage of analyses of as much as possible radionuclides is 
obvious. The information obtained from ratios between different nuclides are enlarging our knowledge a lot. 
Moreover, the efforts devoted for dissolution of sample sometimes are large. All this supports concept of developing a 
single, sequential radiochemical procedure, which applied to a single environmental sample, after single mineralization 
can give information on many radionuclides. In our laboratory from many years a sequential procedure for 
radiochemical analyses was developed. Recently sub-procedures for 63Ni and 99Tc were included into existing large 
sequential procedure for Pu, Th, U, 90Sr radiochemical analyses in environmental (soil, sediment, peat etc.) samples 
[1]. Soaked with ammonia sample (~10g) is ashed in 400 °C sample (about 10 g). Then tracers are added and wet 
complete digestion is applied using HF, HNO3, HCl and H3BO3. Sample is converted to 1 M HNO3 and then it is 
neutralized up to pH = 6 using ammonia. Precipitation contains all actinides and 90Sr whereas Tc and Ni stay in 
solution. Actinides are then separated using Dowex-1 and TEVA resins and 90Sr using Sr-Resin. 63Ni is separated using 
DMG and 99Tc using TEVA.  

Procedure was positively tested using reference materials spiked with 95mTc (obtained with AIC-144 cyclotron by us) 
and NiCl2 as tracers only for radiochemical yield tracing due to lack of RM with certified values for 99Tc and 63Ni) .  

Works were carried out under the strategic research project “Technologies supporting the development of safe nuclear 
power” financed by the National Centre for Research and Development (NCBiR). Research Task “Development of 
methods to assure nuclear safety and radiation protection for current and future needs of nuclear power plants”, 
contract No. SP/J/6/143339/11.  
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N,N,N′,N′-tetraoctyl-diglycolamide (TODGA) is broadly studied as a non-specific extractant for actinides and 
lanthanides from HNO3 solutions of nuclear waste, in particular for group actinide extraction (GANEX process). 
Unfortunately, some fission products including technetium (in the form of pertechnetate anion, 99TcO4

–) are also 
efficiently extracted from HNO3 solutions to the TODGA-containing organic phase, accompanying the actinides and 
lanthanides.  

The present work was focused on modelling the process of technetium extraction to organic solutions of TODGA. The 
TcO4

– anion is evidently extracted to the organic phase as the ion pair, together with a lipophilic cation – the 
protonated TODGA molecule. We investigated the effects of acidity, of anions that compete with TcO4

– for the 
lipophilic cation, and of diluent on the efficiency of extraction of technetium(VII). The effect of other metals present in 
the extraction system was also studied.  

This work was financed from the National Centre for Research and Development through the Strategic Program 
Technologies Supporting Development of Safe Nuclear Power Engineering, task 4: Development of spent nuclear fuel 
and radioactive waste management techniques and technologies. 
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The aqueous chemistry of Uranium(VI) determines its migration in geosphere under oxic conditions and the efficiency 
of some technological processes like in situ leach uranium mining, thus being extensively studied in geochemistry. 
Time-resolved laser-induced fluorescence spectroscopy (TRLIFS) is a powerful method that allows one to determine 
U(VI) speciation both in aqueous solutions and at mineral-water interfaces. TRLIFS makes use of the sensitivity of 
U(VI) complexes photophysical parameters (excited state lifetimes and positions of maxima in fluorescence emission 
spectra) sensitivity to its coordination. Because of high sensitivity and selectivity, this method is extensively used in 
investigation of various systems containing U(VI), including equilibrium constants determination and monitoring 
U(VI) speciation in drainage waters.  

At the same time, the values of excited state lifetimes of, e.g. uranyl fluoride and sulfate complexes, obtained by 
different groups differ significantly. Moreover, even the question about the number of components required for 
fluorescence decay curves fitting is not clear: some researchers consider discreet lifetimes for different complexes, 
while others postulate a continuous dependency of lifetime on ligand concentration and interpret their data under the 
assumption of fast ligand exchange.  

Here, we’ll present the extensive study of the reasons that may lead to the discrepancy of photophysical parameters 
obtained for the same complexes. First, recently, we have demonstrated that the effect of excited states annihilation 
may influence the shape of fluorescence decay curves at high excitation intensities, thus leading misinterpretation of 
fluorescence decay rates. Second, different algorithms of fluorescence decay curves processing (the use of fixed 
lifetimes, global analysis etc.) may provide different values of complexes amplitudes and, consequently, equilibrium 
constants. Third, we’ll demonstrate the influence of ionic strength of the solution on U(VI) complexes photophysical 
parameters and stoichiometry by the example of uranyl sulfate complexes. 
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Formation of cruds at the extraction of metals is the negative phenomenon as reduces the rate of extraction, worsens 
disintegration of the emulsions, and leads to loss extragent and an extractive element. In practice to prevent the 
formation of structure in an interfacial layer in system aliphatic alcohols add to aliphatic alcohols, for example, 
octanol - 1.  

However there are additional losses extragent, threat of environment increases. The results of researches on influence 
of the mechanical vibrations on an interface on process of the formation of structure in an organic phase at extraction 
rare-earth elements by solutions di-(2-ethylhexyl)phosphoric acid are considered. Vibration influence on interfacial 
layers was carried out by means of the vibrator which represented a high-frequency electrodynamic head with rigidly 
fixed core, by a coming to an end vibrating element in the form of the triangular prism turned to an interface by top. 
The vibrator connected to the generator of low-frequency signals.  

The effective viscosity and limiting pressure of shift of organic phase exposed to vibration is constant during first ~15 
min. At short time (~5 min), the main contribution in system behavior is provided by spontaneous surface convection. 
At longer time intervals (50–60 min) when spontaneous surface convection is absent, it is the vibrations that 
disintegrate the resulting structure. The supply of additional energy into interfacial layers of extraction system changes 
the hydrodynamic situation not only in interface region but also in the adjacent domains of contacting phases. The 
relative motion of particles increases when exposed to mechanical action. Since resulting particles have different 
weight and move with different velocity, their shift leads to is integration of aggregates in temporary structure. Thus, 
mechanical vibrations disintegrate the structure at the weakest coagulation contacts.  

However, the viscosity and a limiting pressure of shift of organic phase sharply increases with time. The nascent 
temporary structure is heterogeneous, therefore the supply of additional energy leads to its disintegration and particles 
of smaller size prevail in the system. The interaction of reproduced particles results in the formation of a stronger 
structure.  

Thus, the local supply of mechanical energy in an interface layer possible to suppress process of the formation of 
structure during the initial moments of time. 
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Inorganic ion exchangers are widely used in the treatment of reactor coolant and aqueous nuclear wastes due to their 
high selectivity, radiation resistance, thermal and chemical stability. Among other inorganic sorbents, hydrous titanium 
dioxide was proposed as the prospective sorbent for the efficient separation of fission products such as 137Cs and 90Sr. 
Recently, new forms of nanometer-sized titanate with unique ion exchange properties were obtained. The 
physicochemical properties of nanostructured titanates are enhanced and the relation between properties and 
applications is extended.  

The aim of our work was studies of ion exchange properties of titanate nanotubes in relation to 137Cs and 85Sr. In the 
present work we synthesized titanate in nanotube form using hydrothermal procedure. Anatase was heated at the 
temperature of 140 °C in the 10 M NaOH solution for 24 h. The size and shape were characterized by SEM and TEM 
methods. The specific surface area was measured by BET technique and the pore size distribution by BJH method. The 
sorption kinetics studies on titanate nanotubes of 137Cs and 85Sr in form of chlorides were measured in 0.1 M NaNO3 
solution. Additionally, the effect of sodium and potassium nitrate concentration and pH on 137Cs and 85Sr sorption were 
examined.  

The structure of nanotubes was confirmed by XRD, SEM and TEM methods. The particles diameter was greater than 5 
nm and length greater than 100 nm. The measured specific surface area was ca. 300 m2∙g-1 and pore size distribution 
was equal 0.50 m3∙g-1. Due to high porous structure ion exchange kinetics were relatively slow for Cs+ and Sr2+, but 
60 % of equilibrium was reached within 1 h. The increasing concentration of Na+ favoured 137Cs sorption than 85Sr. As 
expected, K+ cations influence on sorption was greater. An increase in Kd value with increasing pH was observed for 
85Sr, while in the case of 137Cs the highest sorption was reached at pH 7-9, and at pH higher than 9 the Kd decreased.  

The results suggest possible applications of titanate nanostructures as inorganic sorbents for the efficient separation of 
fission products from different liquid wastes, however further studies are necessary. The work has been carried out 
within the strategic research project entitled "Technologies for the development of safe nuclear energy", phase 7, 
research task nr 4 (SP/J/4/143 321/11). 
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A rapid chromatographic method of radiochemical analysis based on adsorption of radionuclides onto selective pellet 
sorbents is successfully used for rapidly determining gamma-emitting radionuclides in water [1]. The paper presents a 
membrane-adsorption method for rapid determination of a- and β-emitting radionuclides. Like the above analysis for 
gamma-emitters, the proposed method separates individual radionuclides or radionuclide groups from water samples 
and produces radiation emitters for measuring activity of extracted radionuclides. The difference is in that sorbent 
pellets which have large self-absorption of a- and β radiation are replaced by planar sorbent geometries with minimum 
self-absorption. Porous membranes modified by addition of sorbents with selective adsorbing ability are offered as 
planar alternatives to pellets. To remove radionuclides on suspended matter from NPP water, the analysis scheme with 
selective adsorption membranes additionally includes microfiltration membranes as “mechanical” filters. A cellulose 
acetate membrane with pore size of 0.45 μm is used for mechanical filtration by analogy with separation of suspended 
and “conditionally dissolved” forms of heavy metals from natural water samples. Three types of modified adsorption 
membranes are suggested for use in radiochemical analyses for nuclear applications. These membranes differ in type 
of modifier: 1) membranes impregnated with elementary silver, 2) membranes impregnated with potassium 
ferrocyanide or cobalt ferrocyanide, and 3) membranes impregnated with manganese hydroxide. A cellulose acetate 
membrane with pore size of (0.65 – 0.75) μm is preferably used as solid substrate for all three membrane types. The 
first type membranes are suited for selective separation of radioiodines and Po-210. The total activity of radioiodines is 
determined by measurement of β-radiation and Po-210 activity is determined by measurement of a-radiation. The 
second type membranes selectively remove radiocesium from water flows where salt concentration can reach the level 
of seawater salt concentration. The total radiocesium activity is determined by measurement of β-radiation. The third 
type membranes adsorb Pu, Am, and Cm from the coolant water and the activity of these radionuclides is determined 
by measuring the spectrum of a-radiation from the adsorption membrane. 
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Liquid radioactive waste (LRW) can contain large amounts of emulsified petroleum products and suspended corrosion 
particles on which radionuclides concentrate. The optimal approach to removal of radionuclides in different 
physicochemical forms is using adsorption methods together with baromembrane methods such as microfiltration, 
ultrafiltration, and reverse osmosis. Alexandrov NITI has developed an automated reverse osmosis plant system with 
remote monitoring and control features including cleaning of reverse osmosis elements. The plant comprises a 
microfilter, reverse osmosis filter (ROF), unit for cleaning the reverse osmosis elements, low-pressure pump, high-
pressure pump, chemical analysis unit, control unit and power control unit. The plant has a filtration capacity of 
500 l/h, operating power of 5 kW max, operating pressure of 5 MPa max (at ROF) and removes at least 95 % of 
dissolved salts from LRW with a salt concentration of 10 g/l max and activity up to 10 kBq/l and produces 
concentrated solutions of up to 50 g/l salt content. The cleaning unit is designed to prepare maximum 150 liters of 
washing solutions heated to 35°С and clean the reverse osmosis filter. The reverse osmosis elements are cleaned every 
day using the final water of the plant system and every month using chemical solutions prepared from the final water. 
The most efficient washing solution is 1.5 % solution of citric acid with рН = 4-5. The plant performance is monitored 
by measuring the solution conductance with the chemical analysis unit and the treatment process is automatically 
controlled by the control unit equipment. The control and monitoring process does not require presence of the operator 
in the plant equipment location area. The plant operation is controlled remotely from the operator workstation in 
another room where the dose rate is below 0.6 μSv/h. Experiments demonstrated that the general demineralization 
efficiency of the plant was about 75. The system removed almost all petroleum, surfactants, and corrosion products. 
Alkali metals were removed by ion exchange (pH is reduced). At the same time, the efficiency of radionuclide removal 
was higher than the general demineralization efficiency. The reverse osmosis efficiency for removal of radionuclides 
was almost 1000 and even reached the value of 10000 for Sr-90. The chemical cleaning removed fouling consisting of 
85 % calcium, about 5 % magnesium, about 5 % iron, and about 1.5 % aluminum species. The specific activity of the 
washing solutions was 1∙106 Bq/l max with Sr-90 being the main source. 
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Several extraction agents with functional group of diphenyl-carbamoylmethylphosphine oxide were synthetized and 
tested in the frame of EUROPART project for actinoids partitioning from nitric acid solutions. Functional groups were 
chemically bonded with a platform of tert-butylcalix[4]arene, O-pentylcalix[4]arene, and cobalt bis(dicarbollide) 
cluster ion to enhance extraction properties. The extraction agents were used for preparation of composite materials 
with polyacrylonitrile (PAN) as a binding polymer to study behavior of these composites in column chromatography. 
They were compared with CMPO-PAN composite material prepared with neat octyl(phenyl)-N,N'-
diisobutylcarbamoylmethylphosphine oxide compound (CMPO). Uptake kinetics was studied with europium as an 
analog of americium. Weight distribution coefficients (Dg) of europium, americium, plutonium, uranium, and 
neptunium were determined in nitric acid solutions (0.01 - 5 mol/L) in the presence of sodium nitrate (0.1 mol/L). 
Europium extraction isotherms from 3M HNO3 solution were used for capacity determination. 
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Octyl(phenyl)-N,N'-diisobutylcarbamoylmethylphosphine oxide (CMPO) extraction agent and polyacrylonitrile (PAN) 
as binding polymer were used for production of CMPO-PAN solid extractant. The material was previously studied for 
application in column chromatography for actinoids separation [1]. High uptake of americium and europium on 
CMPO-PAN solid extractant was observed in diluted nitric acid solutions (0.001-0.1 mol/L) contrary to minimal 
uptake by CMPO itself. A set of experiments was performed for explanation of this effect that cannot be solely 
explained by adsorption on PAN support. Materials prepared by modification of the original procedure were tested and 
compared. Influence of CMPO content in the composite and total nitrate ion concentration in the solution on the uptake 
were determined for several acidities. Selected materials were subjected to FT-IR analysis to study interaction of the 
support polymer and CMPO agent. Europium extraction isotherms were measured in the solution of 0.01M HNO3 for 
capacity determination. It was found that addition of sodium nitrate (0.1 mol/L) increases maximum europium capacity 
by more than an order of magnitude to the value that was determined in 3M HNO3. The observations indicated that 
europium and americium uptake mechanism on CMPO-PAN is different in solutions with diluted and more 
concentrated nitric acid and is influenced by total nitrate concentration.  

[1] Kameník J., Šebesta F. (2006), Czechoslovak Journal of Physics 56, D493-D500.  

* Present address: Nuclear Physics Institute, Academy of Sciences of the Czech Republic, 250 68 Řež, Czech Republic 
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Two liquid liquid extraction processes intended as a part of the Partitioning and Transmutation strategy have been used 
as a basis for development of chromatographic systems for separation of curium from americium. The liquid organic 
phase of the EXAm process was replaced by DMDOHEMA-PAN composite sorbent and TEDGA in nitric acid 
solution was employed as an aqueous-phase complexing agent. The liquid organic phase of the AmSel process was 
replaced by TODGA-PAN composite sorbent and sulfonated BTBP derivative in nitric acid solution was employed as 
an aqueous-phase complexing agent. The influence of aqueous phase complexing agent and nitric acid concentrations 
on weight distribution coefficients and separation factor as well as the kinetics of the actinide uptake were determined 
in batch experiments with trace amounts of Am-241 and Cm-244 radionuclides. The efficiency of Cm separation from 
Am was evaluated in column experiments. 
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Separation of uranium from natural and waste water is a problem, which has been studied for a long time. For such 
purpose, many organic and inorganic sorption materials have been proposed and titanium dioxide have shown quite 
promising results. The first aim of this study was to test and characterize sorption materials based on TiO2 prepared 
from tetra-n-butylorthotitanate (TBOT) in order to optimize their preparation. The second aim was to implement direct 
hydrolysis of TBOT in the solutions containing uranium as a method for uranium separation.  

Sorption capacities of six prepared materials were deduced from their sorption isotherms with fixed uranium 
concentrations (10 mmol L-1) and variable values of V/m (50 – 400 mL g-1). In the direct hydrolysis experiments, the 
uranium solutions of 20 and 0.05 mmol L-1 were used. After proper multistage separation, uranium in the samples was 
measured using liquid scintillation counting and time-resolved laser-induced fluorescence spectrometry which together 
covered the concentration range of uranium in the samples from tens nmol L-1 to hundredths of mol L-1. For three of 
the six studied materials, the uranium sorption was studied in more details.  

In the following experiments, the option of direct hydrolysis of TBOT in the sample was tested. This fast way of 
uranium separation, which could be suitable for in situ separations, was investigated at various conditions. The results 
were then compared with the classic sorption method of contacting uranium solutions with pre-prepared, solid 
absorbers based on TiO2 at similar conditions. It was found that the method of direct hydrolysis in the sample is more 
efficient separation step than the classic sorption, but it fairly depends on the conditions of the procedure itself. 
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Radium-223 is the first approved alpha emitting radionuclide for use in radionuclide therapy [1]. Radium follows the 
Calcium metabolism and thus is self targeted to bones. Several generator systems were described in the past [2]. In this 
study we have focused on a generator system described by Guseva et al. [3], based on a Dowex-1 resin and a mixed 
methanol/ nitric acid mobile phase. The effect of NaCl addition into a mobile phase on Ac-227/Th-227/Ra-223 
generator was studied. The aim of this study was to increase the efficiency of Ra-223 elution and improvement of the 
Ra-223 elution peak shape. Possible Th-227 breakthrough was also evaluated. Acknowledgement This work was 
supported by the Ministry of Education Youth and Sports of the Czech republic, grant No.: LK21310. 

 References  
[1] Xofigo®, European pharmacopoeia Reg. No.: EU/1/13/873/001 
[2] McAlister, D. R., Horwitz, E.P.: Chromatographic generator systems for the actinides and natural decay series 
elements. Radiochimica Acta 99, 151–159 (2011).  
[3] Guseva, L. I., Tikhomirova, G. S. and Dogadkin N. N.: Anion-Exchange Separation of Radium from Alkaline-
Earth Metals and Actinides in Aqueous-Methanol Solutions of HNO3. 227Ac - 223Ra Generator. Radiochemistry 46, 
1, 58-62 (2004). 
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KINETIC AND THERMODYNAMIC MODELING APPROACHES OF SELENIUM BY MAN-MADE AND 
NATURAL GEOLOGICAL BARRIERS FOR NUCLEAR WASTE MANAGEMENT 

Sema Erenturka, Sevilay Haciyakupoglua, Esra Orucoglub, Ruveyda Kubra Ileria 
aIstanbul Technical University, Energy Institute 
bIstanbul Technical University, Faculty of Mines 
erenturk@itu.edu.tr  

 
Some components of nuclear wastes like 79Se should be taken into consideration due to extremely long half-lives and 
potential migration ability through the environment. Clay minerals are suggested as a barrier material in radioactive 
waste management; however they have some deficiencies to retard anionic radioisotopes like selenium due to 
structural properties. Modification of these minerals may help to improve their retardation ability toward these anionic 
radioisotopes. There are two predominant reasons for limiting selenium in water: a major limiting factor is the possible 
damage to plants and crops and selenium can represent reproductive dangers for human.  

The study of sorption kinetics is significant as it provides valuable insights into the reaction pathways and into the 
mechanism of sorption reactions. The reaction can be defined by a sequence of processes that control the rate, 
diffusion of ions through particle film, diffusion through the particle and chemical reaction with the functional groups. 
This paper is dedicated to kinetic performance for selenium removal by selenium selective adsorbent. Batch kinetic 
experiments were performed using a solution containing 250 mg Se/L (pH 4.0) and 40 mg of inorganic pillared 
bentonite (OPBent) at three different temperatures and at a certain shaking rate. The selenium concentrations of the 
samples were monitored by taking the samples from the solution at defined times. The samples were analyzed by high 
resolution gamma spectroscopy system. The kinetic data obtained were evaluated using classical kinetic models and 
diffusion/reaction models. The transport mechanism of selenium which comprises a diffusion process from aqueous 
phase to organo-inorgano-bentonite was described by two kinetic models consisting of derived equations: the 
homogenous particle diffusion model (HPDM) and the shell progressive model (SPM). The effective particle diffusion 
coefficient Deff values derived from both the HPMD and SPM equations were compared. The mechanism of selenate 
sorption by OPBent has been postulated from the experimental results. 
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In the frame of the development of the French CEA EXAm process (Am selective separation from a PUREX raffinate 
by solvent extraction), the selective stripping of americium from lanthanides was studied using a solution of DTPA and 
malonic acid. This step is similar to a reverse-TALSPEAK system developed for Am/Ln separation.  

Organic phase containing 0.3 M HDEHP and 0.6 M DMDOHEMA in TPH was first loaded with the aqueous phase 
containing Am/lanthanides/fission and/or corrosive products. The loaded organic phase was then contacted with the 
aqueous solution of DTPA and malonic acid at pH around 2.5. The impact of DTPA and malonic acid concentrations, 
pH dependence, kinetic and thermodynamic studies were studied on americium and lanthanides extraction. In addition, 
the impact of the nature of the base used to pH adjustment and the stability constants of DTPA with Am(III), Eu(III) 
and Ce(III) were determined in process conditions.  

These results showed that DTPA and malonic acid extraction system can selectively strip Am(III) over lanthanides 
(Ce(III) and Eu(III)) and other fission products potentially present in organic phase (Fe(III), Y(III)). The results are 
important for a better understanding of the process chemistry and are used for the modelling and the simulation of this 
step of the EXAm process. 
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Detonation nanodiamonds (DND) are potentially promising candidate for sorption applications due to their unique 
properties: high surface area, highly developed surface, low weight, chemical and radiation resistance. The oxygen-
containing groups on the DND surface are responsible for the cation-exchange properties. The sorption capacity of 
DND is found to be comparable with other carbon nanomaterials as carbon nanotubes and graphene oxide and higher 
than that of carbon black. The sorption of radionuclides showed to be effected by surface chemistry of DND. It was 
shown before, that DND can effectively remove U(VI), Am(III), Th(IV), Pu(IV) cations from solutions [1].  

In this work the sorption regularities of Th(IV), Ra(II), Ba(II), Ac(III) were studied for different samples of DND: 
commercially available nanodiamond powder (Sigma-Aldrich) and concentrated suspension, produced at the Special 
Construction-Technological Bureau "Technolog" of Saint-Petersburg State Institute of Technology (Technical 
University) (Russia). The radionuclides of interest were chosen with the aim to test nanodiamonds as a prospective 
sorption material for preparation of 227Ac/223Ra generator.  

[1] Yu. P. Buchatskaya et al. Proc. of 42èmes Journées des Actinides and 9th School on the Physics and Chemistry of 
the Actinides, Bristol, England, 2012 
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TBP is a widely used extractant in liquid–liquid extraction, especially in the extraction of actinides, one of its most 
prominent examples being the Purex process.  

A TBP based extraction chromatographic resin has been characterized with respect to its U capacity and the weight 
distribution ratios (DW) of U, Th, Pu, Np and numerous other cations in different concentrations of HNO3 and HCl.  

Based on obtained data methods for the separation of Pu from Th and U, and for the purification of Sn, with special 
focus on decommissioning and radionuclide production, have been developed. 
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The mixed carbide (70 % Pu, 30 % U) spent fuel from the Fast Breeder Test Reactor (FBTR) at Kalpakkam, India is 
being reprocessed at the CORAL facility since 2003. Several campaigns with progressively increasing burnups and 
reducing cooling periods have been carried out in this facility. Presently spent fuels with a burn up of 155 GWd/Te 
with cooling periods as around two years are being reprocessed. The satisfactory operation of this facility has provided 
valuable inputs for the design of process, equipment and other systems. Sustained operation of critical process 
equipment such as chopper, dissolver and solvent extraction equipment enabled in the fine tuning of design for reliable 
operation and easier maintenance. Design optimization for the future plants DFRP and FRP which are under 
construction for closing the fuel cycle of FBTR and Prototype Fast Breeder Reactor (PFBR) respectively could be 
carried based on the operating experience with single pin chopper. The apprehension that mixed carbide fuel would be 
difficult to dissolve and not give a satisfactory solvent extraction performance, is alleviated by the experience of 
quantitative dissolution and recovery of plutonium. Typical hull losses have been experimentally found to be less than 
0.08 % for plutonium. Though some carbide carbon was found to be there in the dissolver solution, it does not affect 
the solvent extraction performance. The highly oxidative dissolution conditions required for the dissolution of the 
spent fuel, call for material of construction other than the conventional stainless steel, as its corrosion rate of under 
such condition is unacceptably high. Alternate material of construction has been identified and deployed for the 
CORAL dissolver. Inspection of the dissolver after around three years of operation has revealed satisfactory 
performance. Though three solvent extraction cycles have been provided in the plant, it has been found that the 
required decontamination could be achieved with a single cycle. Typical decontamination factors of greater than 103 
for Ru-106 and 104 for Cs-137 have been achieved. The recovery of plutonium and uranium are greater than 99.9 % 
and 99.8 % respectively. The centrifugal extractors have provided extremely satisfactory performance with progressive 
improvement in the performance in terms of reduced maintenance requirements with incorporation of design changes 
during the campaigns.  

R&D work has been concurrently taken up based on the performance evaluation of the facility for improving the 
recovery, decontamination factors, economy and reducing the waste volumes. With the computer code PUSEP(Ver-II) 
developed by the reprocessing group, IGCAR, an innovative extraction flowsheet is formulated to meet the 
decontamination requirements of both 95Zr and 106Ru while reprocessing fuels with less than two years cooling period. 
With this code it has been possible to establish the flow rate controls required for avoiding the third phase formation 
due to excessive plutonium loading in the solvent phase. Also, it has been found that closer to the stoichiometric 
requirement of uranous for separation of plutonium from uranium is possible. These findings will substantially reduce 
the number of solvent extraction cycles and hence the waste volumes. Reduction of solvent waste using vacuum 
distillation and the removal of dissolved organic by diluent wash using efficient contactors to address the red-oil 
formation during waste evaporation, are a few R&D activities in progress to improve the plant performance.  

Another important offshoot of the operation of the CORAL facility is the development of a variety of hot cell 
equipment and systems for remote operation and maintenance with least plutonium contamination in the operating 
area. Based on the satisfactory experience, it is expected that the reprocessing of PFBR spent MOX fuel would not 
pose a challenging problem as the plutonium content in PFBR is much less (around 25 %). 
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Electrochemical separation method is an option in reprocessing the nuclear spent fuel from molten salt reactor (MSR). 
To develop the electrochemical technique in fluoride-based molten salt, the LiF-NaF-KF eutectic (46.5-11.5-42.0 
mol %, FLiNaK) was adopted because of its low melting point (727 K) and other attractive physical-chemical 
properties. Herein, the electrochemical behaviors of Eu, one of the typical fission product elements, were investigated 
in FLiNaK. Despite the fact that only EuF3 was added initially, the co-existence of Eu (III) and Eu(II) in FLiNaK was 
confirmed by electrochemical method and XPS as well. The electrode reaction mechanisms were determined by cyclic 
voltammetry and square wave voltammetry. The results indicated that the electrode reaction involved a one electron 
exchange process, corresponding to the reduction and oxidation between Eu(III) and Eu(II). This process exhibited a 
reversible and diffusion-controlled behavior. The diffusion coefficients of Eu(III) and Eu(II) were measured by the 
conventional cyclic voltammetry with changing scanning rates and a modified method with additionally changing the 
area of working electrode. The values obtained by these different techniques matched each other. Furthermore, the 
temperature dependence of the diffusion coefficients was examined and the activation energy of this diffusion process 
were subsequently calculated to be (38.9 ± 4.6) kJ mol-1 for Eu(III) and (34.7 ± 1.6) kJ mol-1 for Eu(II). 
  



CHEMISTRY OF NUCLEAR FUEL CYCLE - VERBAL 

353 

NFC-V03, (Id: 162) 
DISSOLUTION OF CARBIDE FUEL MATERIALS 
Mark Sarsfield, Tamara Griffiths, Katie Bell, Chris Maher 

National Nuclear Laboratory 
mark.sarsfield@manchester.ac.uk 

 
As part of the strategic research agenda for sustainable nuclear energy in Europe [1], carbide fuel is proposed as a 
potential candidate fuel for sodium cooled fast reactors and is the fuel of choice for gas cooled fast reactors. Carbide 
fuels have also been demonstrated to achieve high burn-up (> 155 GWd/t) in the sodium cooled Fast Reactor Fuel 
Reprocessing technology being pursued at the Indira Gandhi Center for Atomic Research (IGCAR), Kalpakkam. There 
are a number of issues that need to be addressed in the reprocessing of carbide fuel in order to demonstrate a 
sustainable closed nuclear fuel cycle.  

Carbide fuel can be problematic when applying the traditional PUREX reprocessing technology of solvent extraction 
from a nitric acid solution. The dissolution of uranium carbide (UC) in hot nitric acid can lead to the formation of 
soluble organic molecules that can interfere with the extraction of uranium and plutonium reducing their extraction and 
recovery efficiencies. The organics can also lead to emulsions causing difficulties within industrial processes. Even 
when the U and Pu have been removed from the soluble organics the remaining liquor contains highly radioactive 
fission products in the presence of organic material that requires volume reducing before immobilising in a glass 
matrix. The presence of organics can present a safety issue and needs to be effectively managed.  

In this paper we present the dissolution results from first titanium carbide (a potential barrier material in GCFRs) and 
then from unirradiated uranium carbide fast reactor blanket fuel pellets.  

The kinetics of dissolution will be discussed together with comments on the organic materials produced and carbon 
mass balance.  

[1] SNETP Strategic Research Agenda May 2009; Strategic Research and Innovation Agenda, Feb 2013. 
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The main long term contributors to spent fuel radiotoxicity are plutonium followed by the minor actinides (MA = Np, 
Am, and Cm). A possibility to reduce the radiotoxic inventory and the footprint of the repository is to separate the 
most radiotoxic and long-lived elements from spent fuel and to transmute them into nonradioactive elements or 
elements with a much shorter lifetime. For the transmutation in accelerator-driven systems (ADS) fuels with a high 
content of Pu and MA are preferred. To increase the burn-up of transuranium elements (TRU) and to reduce the 
formation of new TRU inert matrix fuels (IMF) [1-3] are favored. These are ceramic substrates or metallic matrices 
with high thermal conductivity, which are free of uranium and also have small cross sections for reactions with 
neutrons. The reprocessability of (Pu,MA)-oxide within a metallic 92Mo matrix (CERMET) is under investigation 
within the EU project ASGARD [4].  

Dissolution in nitric acid is the first step in reprocessing. Therefore, detailed knowledge of the speciation of 
molybdenum in nitric acid medium is crucial on the one hand to understand this dissolution process and on the other 
hand as a basis for the design of a tailored extraction process. The speciation of molybdenum has been studied 
intensively in hydrochloric and perchloric acid medium[5,6], but little is known about the speciation in nitric acid 
medium, especially at high acidities, which are relevant for the dissolution of IMF. The solution species of 
molybdenum in strongly acidic nitric acid medium need to be extensively characterized and quantified. Therefore, 
electrospray ionization mass spectrometry, which can probe the stoichiometry and relative abundances of solution 
species, was applied.  

Here, we present new experimental data on the speciation of molybdenum as a function of nitric acid concentration. 
Isotopically pure 98Mo powder was dissolved in nitric acid and measured with the ALBATROS ESI-TOF [7]. 
Monomeric, dimeric, trimeric, tetrameric, and pentameric cationic molybdenum species have been detected. Besides 
the presence of hexavalent Mo species the spectra show that pentavalent Mo species are present in solution in spite of 
the oxidizing condition in strong nitric acid.  

[1] Haas, D., et al., Energ Convers Manage, 2006. 47: p. 2724-2731.  
[2] Ouvrier, N. and H. Boussier, Procedia Chemistry, 2012. 7: p. 322-327.  
[3] Degueldre, C., J Alloy Comp, 2007. 444: p. 36-41.  
[4] http://asgardproject.eu/.  
[5] J. J. Cruywagen, J. B. B. Heyns, Polyhedron 2000, 19, 907-911.  
[6] P. Tkac and A. Paulenova, Separ Sci Technol, 2008, 43, 2641.  
[7] T.Bergmann et al., Rev. Sci. Instrum., 1989. 60: p. 347. 
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The radioactive waste management in Slovak Republic complies with the waste acceptance criteria for repository of 
Slovak Republic. The essential criterion is a declaration of radionuclides disposed in waste packages. The group of 19 
limited radionuclides comprises various gamma, beta and alpha radionuclides. The activity of alpha radionuclides is 
monitored as a total alpha radioactivity, the limit for the total alpha activity per one waste package is 400 Bq.g-1 in 
average, or a local activity and then the local limit is 4000 Bq.g-1, which is usually applied for the smallest produced 
unit of a RAW (200 L drum, 60 L drum, or compacted product after high-pressure compacting).  

Legacy radioactive wastes treated during D&D of NPP A1 represent greater amount of conditioned RAW disposed in 
the repository. Nuclear power plant A1 was shutdown after an INES 4 accident in 1977, when one of fuel assemblies 
had melted down in a reactor channel. Any kind of deactivation process had not been applied since shutdown of NPP 
and basically all deactivation and pre-decommissioning works have started in 90’, and therefore there were lot of 
possibilities for corrosion of contaminated materials. This corrosion impacts also more than 300 pieces of casks used 
for spent fuel assemblies storing. Cladding defections and also deformations caused by incorrect storage conditions 
caused other cladding defects, which led to massive contamination of spent fuel casks. Outer and inner surface of casks 
is contaminated mainly by 137Cs, 90Sr and alpha RN (241Am and Pu isotopes). According to the pre-disposal 
measurements by alpha scanner fragmented casks cannot be disposed without treatment because of exceeding limit for 
total activity of alpha RN.  

The paper describes analyses performed with samples taken from inner surfaces of fragments of spent fuel casks to 
prove that contamination is only in a corrosion layer and not in core material of casks (carbon steel). This proof would 
help to enhance waste management of spent fuel casks. Determination of alpha isotopes by alpha PIPS spectrometry 
and determination of gamma emitting radionuclides by gamma spectrometry is described. Separation of 241Am and Pu 
isotopes 238,239,240Pu was carried out by means of extraction chromatography with TRU-resin sorbent. The depth 
distribution of contamination was performed on the assumption that during electrochemical sampling with identical 
conditions same amount of iron will be taken. After determination of iron concentrations by AAS it was possible to 
calculate thickness of corrosion and subsequently calculate depth distribution of radionuclides in several layers of 
corrosion. These data should help to enhance process of managing legacy metallic RAW from NPP A1. 
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It is generally accepted that natural humic colloids in the argillaceous Boom Clay formation (Belgium) modify the 
speciation and transport characteristics of several long-lived radionuclides [1]. However, universal formalisms to 
describe the complex suite of processes and mechanisms in such environment were lacking, resulting in "operationally 
defined migration parameters" [2] that did not allow significant confidence building with regard to safety assessments. 

In this paper we present a comprehensive overview of the latest achievements that have been obtained in the 
understanding, interpretation and description of trivalent radionuclide retention and migration in the Boom Clay. Using 
a classical bottom-up approach, a geochemical modelling concept relying on thermodynamic sorption models (TSMs) 
is presented. With this approach, we have succeeded in describing adsorption of Eu(III) and Am(III) in batch 
suspensions of increasing complexity, from relatively straightforward mixtures of illite and dissolved organic matter 
(DOM) [3], to Boom Clay suspensions. The results of these adsorption experiments demonstrate that trivalent 
radionuclides are strongly bound to the solid phases present in Boom Clay, but that their solid-liquid distribution is 
heavily influenced by DOM.  

Hereafter we discuss results from short-term and long-running (>10 years) column migration experiments with Am(III) 
on Boom Clay cores. These experiments clearly indicate the existence of a kinetically-controlled colloidal transport 
pathway that determines the flux of Am(III) through the clay core. A modified kinetic colloid transport model has been 
developed [4], based partly on the aforementioned adsorption models, that allows for the quantitative description of all 
experimental data obtained thus far. In this model, it is considered that the radionuclide is predominantly transported as 
an organic matter complex/colloid that slowly dissociates, and both the colloid as well as the dissolved radionuclide 
ions are capable of sorbing to the solid phase.  

The role of humic colloids as a transport vector is thoroughly discussed and evaluated within the larger framework of 
geological disposal of radioactive wastes.  

[1] Henrion et al. (1985) Eng. Geol. 21, 311-319  
[2] SAFIR 2 – Safety Assessment and Feasibility Interim Report 2 (2001) NIROND 2001-06 E, Brussels, Belgium  
[3] Bruggeman et al. (2010) Radiochim. Act. 98, 597-605  
[4] Maes et al. (2011) Phys. Chem. Earth 36, 1590-1599 
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Understanding the migration processes in the near-field of the geological disposal of nuclear wastes at the basic level 
can help to develop models, which may be used in transport codes that can predict the migration of radioactive 
contaminants in the field scale. Cesium is well adsorbed by clay minerals and many studies concerning adsorption of 
cesium on different types of clay minerals have been published so far. As in the Czech project of deep underground 
repository the application of local bentonite is proposed, in this work, cesium adsorption on Czech Ca/Mg bentonite 
(Rokle deposit, NW Bohemia) has been studied. In our previous study two main differences between Rokle bentonite 
and worldwide studied Na-bentonites were observed: (1) the great influence of phase ratio m/V on the shape of Cs 
sorption isotherm in the range of higher Cs concentration, and (2) a substantial content of micas and mica-type clay 
minerals (about 19 wt. %) that are believed to cause the specific Cs sorption in the lower concentration range due to 
the presence of the Frayed Edge Sites (FES).  

In this work, cesium sorption on Ca/Mg-bentonite of the Czech origin was studied using batch technique for wide 
ranges of both bentonite-to-water ratio (m/V) and initial concentration of CsCl (10-7 – 0.1 mol/l), isotope Cs-137 was 
used as a tracer. The total cation-exchange capacity of the bentonite was 0.50 equiv/kg. The experiments revealed non-
linear character of cesium sorption, substantially influenced by the m/V. The numerical evaluation of batch 
experiments performed with the use of PHREEQC, in which exchange reactions between added Cs+ and Mg2+, Ca2+, 
Na+ and K+ ions sorbed initially on the bentonite were taken into account, enabled to determine selectivity coefficients 
of all mentioned cations, according to the Gaines-Thomas convention. The model describing exchange reactions 
mentioned was successfully verified on a broader set of experimental data that was previously interpreted by a simple 
ion-exchange model taking into account the exchange of cesium with an unspecified divalent cation. The shape of 
equilibrium isotherms indicated for initial concentrations of cesium smaller than 0.001 mol/l the possibility to describe 
the cesium uptake on Ca/Mg-bentonite by a two site model. Using this assumption, capacity of the second type of sites 
with higher selectivity to cesium, was calculated as about 0.01 equiv/kg. This specific cesium sorption capacity, which 
is generally believed to be associated with the frayed edge sites (FES) of illitic materials, was also measured using 
AgTU method. The values resulting from both the methods were of the same order, differences were discussed. The 
first results of 1D transport modelling in the PHREEQC environment respecting the developed multicomponent ion-
exchange model could help by the interpretation of results of diffusion transport of some cations in the layer of 
compacted bentonite. 
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In the many concepts of high level radioactive waste repository (HLWR), compacted bentonite is planned as a 
buffer/backfill material due to its very low permeability and high sorption capacity. However, anionic species such as 
as 36Cl-, 129I- are not retarded due to their negligible interaction with engineered and/or natural barriers and may 
migrate to the biosphere much faster than cationic species. Chloride and iodide are the most stable species under in situ 
conditions of the deep repository and thus significantly contribute to the potential overall long-term dose. The transport 
of chloride and iodide in the bentonite barrier can be reduced by anion exclusion effect, which occurs due to the 
electrostatic repulsion of anions from negatively charged surfaces of clay minerals. Therefore, this work was focused 
on the fundamental understanding of diffusive behavior of chloride and iodide anions in compacted bentonite. In order 
to demonstrate the anion exclusion effect, chloride and iodide diffusion experiments were further compared with 
diffusion experiments performed with neutral species in form of tritiated water. A set of through-diffusion experiments 
on the compacted bentonite B75 (commercial milled and homogenized bentonite originated from Rokle deposit, Czech 
Republic) at different dry densities was performed. Chloride and iodide in trace concentration (as 36Cl and 125I; 
radioanalytical detection) as well as in non-active form in concentration of 0.01 mol/L (ion selective electrode 
detection) were used. All experiments were performed under ambient condition and at the ionic strength of 0.1 mol/L 
in order to compare diffusive behavior of these anions.  

Apparent and effective diffusion coefficients were evaluated from two types of data sets (break-through curves and 
concentration profiles), using own computer module EVALDIFF. No significant difference in diffusive behavior of 
chloride and iodide was observed despite the fact that chloride and iodide differ in the ionic radius and charge density.  

Acknowledgment: This work was supported by the Ministry of Industry and Trade of the Czech Republic under 
Project No. FR–TI1/362 and by the Grant Agency of the Czech Technical University in Prague, grant No. 
SGS13/224/OHK4/3T/14. 
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The long-lived radioactive isotope technetium-99 (99Tc, T1/2 = 2.14•105 a) is a fission product of 235U and 239Pu and can 
be released to the environment from nuclear facilities, high-level radioactive waste repositories or as a result from 
nuclear weapon testing. Its geochemistry is dominated by the very mobile and soluble pertechnetate anion (TcO4

-) 
under oxic, and a less mobile and less soluble TcO2•nH2O phase under anoxic conditions [1]. For the storage of high-
level nuclear waste, argillaceous rocks are under investigation as potential host rocks for repositories in several 
European countries. Thus, detailed information about the interaction of Tc with these host rock formations is 
mandatory for the assessment of the long-term safety of high-level nuclear waste repositories.  

For our studies we selected Opalinus Clay (OPA) from Mont Terri, Switzerland, and its corresponding pore water. 
OPA is mainly composed of clay minerals (66 wt. %), quartz (14 wt. %), calcite (13 wt. %), siderite (3.0 wt. %), pyrite 
(1.1 wt. %), and organic carbon (0.8 wt. %) [2]. The sorption of 4-13 μM Tc(VII) on OPA powder was studied in batch 
experiments under aerobic and anaerobic conditions as a function of pH, clay concentration, and amount of dissolved 
Fe(II). Diffusion experiments were performed with intact OPA bore cores (20x10 mm and 25x11 mm) with diffusion 
parallel and perpendicular to the bedding. The experiments were performed under aerobic conditions with 7 μM TcO4

- 
at neutral pH. Furthermore, different sorption samples on OPA thin sections (contact area 16 mm²) with 3-35 μM 
Tc(VII) were prepared under anaerobic conditions for spatially resolved, molecular-level investigations to determine 
the speciation of Tc on the mineral surface.  

The batch experiments showed that in the neutral pH range the sorption of Tc on OPA is very low, i.e. ≤ 1 % under 
aerobic and 8 % under anaerobic conditions. We also found that the sorption is independent of the clay concentration. 
Addition of dissolved Fe2+ increased the uptake of Tc by OPA up to 99 %. The low sorption of Tc on OPA under 
aerobic conditions agrees well with our results from diffusion experiments, where Tc(VII) migrates quickly through an 
intact OPA bore core within about one week in case of diffusion parallel to the bedding. For diffusion perpendicular to 
the bedding, TcO4

- migrates through the bore core within one month. μ-XRF mappings of the sorption samples showed 
a homogeneous distribution of Tc on the OPA surface with some local enrichments. In these spots the dominant 
oxidation state of Tc was found to be tetravalent as determined by Tc K-edge μ-XANES measurements.  

Our results indicate that OPA is able to reduce at least part of TcO4
- to a less mobile and less soluble Tc(IV) species 

and thus may retard the migration of Tc from the repository to the environment.  

This work was financed by BMWi under contract no. 02E10981. The authors thank Diamond Light Source for access 
to beamline I18 (Proposal 8725) that contributed to the results presented here and Prof. Mosselmans for his support 
during the experiment. The research leading to these results has received funding from the European Community’s 
Seventh Framework Programme (FP7/2007-2013) under grant agreement nº 226716.  

References:  
[1] K. Lieser; Ch. Bauscher, Radiochim. Acta, 42, 1987,205  
[2] NAGRA, Techn. Bericht NTB 02-03, NAGRA Wettingen/Schweiz, 2002 
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Deep geological repositories (DGR) for the final disposal of spent nuclear fuel and high-level radioactive waste are 
primarily based on a multi-barrier concepts, consisting of a host rock as a natural geological barrier and an engineered 
barrier-system. Detailed investigations of suitable geological analogues may lead to a better understanding of the 
complex interrelations between transport and sorption of radionuclides in multi-barrier systems under natural 
conditions and especially on very long-term scales relevant for performance assessment.  

The Ruprechtov site (W Bohemia) was chosen as a natural analogue because the geological and geochemical 
conditions are similar to sedimentary sequences which in many cases cover the potential host rocks for DGR. The site 
selection supported also natural accumulations of U, which enabled to identify the main mobilisation/immobilisation 
processes. During the international research, which took place at Ruprechtov site since 1995, multidisciplinary 
investigations were performed, including detailed hydrogeological, geological, mineralogical and geochemical 
characterisation. Furthermore, the core part of the investigations were focused on natural U occurrences as analogue 
for U migration and immobilisation in the DGR post-operational phase.  

The Ruprechtov site represents a Tertiary basin with argillized volcano-detritic sediments, underlain by kaolin and 
granite. U-enrichments mainly occur in distinct layers of limited thickness on top of the kaolin close to the clay-lignite 
seams (Noseck et al., 2004). The combination of different analytical methods was applied to gain an insight into the 
behaviour of U in a complex natural system such as wet chemistry (distribution of U(IV) and U(VI), sequential 
extraction, 234U/238U-activity ratios determination) and various spectroscopic methods (SEM–EDX spectroscopy, 
synchrotron-based l-EXAFS, EMPA and confocal l-XRF). Noseck et al. (2008) presented the scenario for U 
enrichment: Microbial activity in the clay/lignite horizon led to the reduction of dissolved sulphate by sulphate-
reducing bacteria, thereby leading to the formation of pyrite nodules. Noseck et al. (2008) also identified using 
determination of 234U/238U activity ratios that the accumulation process has to be at least older than 1 Ma year. In this 
period, CO2-rich water likely initiated U release from accessory minerals in the granite by formation of soluble uranyl-
carbonate complexes. Uranium was transported into the clay/lignite horizon and accumulated there by reduction of 
U(VI) to U(IV) by thin As-pyrite layers on pyrite nodules formed by microbial sulphate reduction. Moreover, 
microbial degradation of organic matter in the clay/lignite horizon probably caused also phosphate release into the 
groundwater. The increased phosphate concentrations caused the precipitation of U as secondary phosphate minerals 
(e.g. ningyoite). The key processes involved in U immobilisation in the argillaceous layers have been identified and 
can be used to reconstruct the geological history at the site. The gained results were summarized in several publications 
(e.g. Noseck et al., 2008, 2009, 2012).  

Acknowledgment: This research was financially supported by Ministry of Trade and Industry of the Czech Republic 
(TIP FR-TI1/362 and Pokrok 1H-PK25), by SÚRAO, by the German Federal Ministry of Economics (BMWi) and by 
the Euratom FP7, Integrated Project FUNMIG.  
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Noseck, U., Brasser, Th., Rajlich, P., Laciok, A., Hercík, M.: Radiochim. Acta. 2004; 92, 797–803.  
Noseck, U., Brasser, Th., Suksi, J., Havlová, V., Hercík, M., Denecke, M. A., Förster, H. J.: J. Phys. Chem. Earth. 
2008; 33, 14-16, 969-977.  
Noseck, U., Rozanski, K., Dulinski, M., Havlová, V., Šráček, O., Brasser, Th., Hercík, M., Buckau, G.: Appl. 
Geochem. 2009; 24, 9, 1765-1776.  
Noseck, U., Tullborg, E-L., Suksi, J., Laaksohardu, M., Havlová, V., Denecke, M. A., Buckau, G.: Appl. Geochem. 
2012; 27, 490-500. 
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In order to assess the safety of an underground repository for high-level radioactive waste (HLW), reactive transport 
models designed to evaluate the fate and transport of radionuclides must be established based on experimental 
observation using both laboratory and on-site geological analyses. In this study, a systematic analysis of cesium (Cs) 
through crushed granite (0.297 - 0.840 mm) was constructed where synthetic groundwater (GW) and seawater (SW) 
were employed as the liquid phase. To build such models, multi-stage advection-dispersion column tests (length: 2 cm; 
diameter: 5 cm, bulk density:1.45 g/cm3 , porosity: 0.45) were conducted in order to determine the major transport 
processes and the calibration/validation of the hypothesized reactive transport models. In addition, a non-reactive 
radionuclide, HTO, was preferentially used to assess its physical properties in crushed granite. The experimental 
breakthrough curves (BTCs) for HTO and Cs were both matched with their corresponding numerical breakthrough 
curves by adjusting reaction and transport parameters such as forward or backward reaction rate constants(Kf or Kb), 
dispersivity (α), and porosity θ( mobile and immobile zone). From the results of the non-reactive HTO column tests, a 
mobile/immobile transport model was proposed to capture the major transport processes in our column system. 
However, the mobile/immobile transport models were not completely simulated to provide numerical BTCs matching 
the Cs experimental BTCs. The extra diffusion/dispersion effect on the BTCs was due to an unnecessary column 
connection space volume. 
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The long-term disposal of high-level nuclear waste in deep geological formations is discussed worldwide as main 
strategy for nuclear waste management. This approach requires the use of a multiple barrier system consisting of 
engineered, geo-engineered, and geological barriers to prevent any release of radionuclides into the geo- and 
biosphere. Sorption of radionuclides on the host rock of a repository is one important process for retarding their 
migration. Potential host rocks for nuclear waste repositories that are investigated internationally are salt domes, clay 
rock, and crystalline rock.  

In the present work, the retention behavior of clay and crystalline rock towards U(VI) is compared. For this, sorption 
of U(VI) onto Opalinus Clay from the Mont Terri rock laboratory (Switzerland) was studied in the presence of 
Opalinus Clay pore water (pH = 7.6; I = 0.36 M) [1]. This is compared to U(VI) sorption onto anoxic diorite from 
Äspö Hard Rock Laboratory (Sweden) that was studied in the presence of Äspö groundwater (pH = 7.8; I = 0.18 M) 
[2]. The impact of various parameters, such as solid-to-liquid ratio, initial U(VI) concentration, temperature and 
atmosphere, on U(VI) sorption was studied. Distribution coefficients, Kd values, determined for the U(VI) sorption 
onto Opalinus Clay and diorite at 25 °C, amount to 22.2 ± 0.4 L/kg [1] and 3.8 ± 0.6 L/kg [2], respectively. This shows 
that U(VI) sorption onto Opalinus Clay is stronger than onto diorite, which can be attributed to its larger surface area. 
TRLFS and ATR FT-IR spectroscopic measurements showed that the U(VI) speciation in Opalinus Clay pore water as 
well as in diorite groundwater is predominated by the weakly sorbing Ca2UO2(CO3)3(aq) complex. Reduction processes 
of U play only a subordinate role. The U(VI) sorption increases with increasing temperature.  

U(VI) diffusion experiments with intact Opalinus Clay bore cores [3] also showed that Opalinus Clay has a good 
retardation potential for U(VI) since the molecular diffusion process through Opalinus Clay retards the migration of 
Ca2UO2(CO3)3(aq). Generally, it can be concluded that U(VI) retention by clay rock is stronger than that by crystalline 
rock. This supports decisions to use clay rock not only as host rock but also as backfill material. In case of crystalline 
rock the natural retention capacity for U is insufficient and has to be strengthened by additional geo-technical and 
technical barriers that preserve their enclosing capabilities over very long time scales.  

[1] Joseph, C., Schmeide, K., Sachs, S., Brendler, V., Geipel, G., Bernhard, G.: Sorption of uranium(VI) onto Opalinus 
Clay in the absence and presence of humic acid in Opalinus Clay pore water. Chem. Geology 284, 240-250 (2011).  
[2] Schmeide, K., Gürtler, S., Müller, K., Steudtner, R., Bok, F., Joseph, C., Brendler, V.: Interaction of U(VI) with 
Äspö diorite: A batch and in situ ATR FT-IR sorption study. Appl. Geochem., under review (2014).  
[3] Joseph, C., Van Loon, L.R., Jakob, A., Steudtner, R., Schmeide, K., Sachs, S., Bernhard, G.: Diffusion of U(VI) in 
Opalinus Clay: Influence of temperature and humic acid. Geochim. Cosmochim. Acta 109, 74-89 (2013). 
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Cesium and selenium belong among long-lived fission products, being present in spent nuclear fuel (SNF) and high 
level waste (HLW) and contributes significantly to the risk associated with the storage of radioactive waste in deep 
geological repositories. The presented work is focused on study of sorption behaviour of cesium and selenium species, 
selenite Se(IV) and selenate (VI), on two types of crystalline rock, granitic rock from Melechov Massif (Czech 
Republic) and diorite Äspö from the underground laboratory Äspö (Sweden). Used rock samples differed one from 
each other in mineralogical composition, sampling depth and redox conditions during the core drilling and sample 
preparation. The drill core samples from Melechov massif were obtained and completely prepared (sawed, crushed, 
sieved, washed) under aerobic conditions. On the other hand, drill core samples from Äspö underground laboratory 
were drilled and later prepared under anaerobic conditions in argon glove box. The main aim of experiments was to 
compare sorption behaviour of cesium and selenium on different crystalline rock samples under aerobic and anaerobic 
conditions and determine the influence of redox conditions during sample preparation on their sorption properties. The 
other aim of experiments was to identify potential retention mechanisms of selenium on crystalline rocks and to 
observe correlation between sorbed selenium and iron present in rock samples.  

The sorption behaviour of cesium and selenium was studied by static batch method and was described by values of 
sorption distribution coefficient Kd. The batch sorption experiments were conducted on two fractions of crushed rock 
material with different grain size and on intact samples (coupons) under aerobic and anaerobic conditions.  

Results of batch sorption experiments demonstrated different sorption behaviour of studied elements. Selenate Se(VI) 
behaved as non-sorbing, conservative tracer without any retention on rock samples; however selenite Se(IV) and 
cesium showed weak sorption without significant influence of different grain size of rock samples or redox conditions 
(aerobic/anaerobic). No significant differences between Czech granite and Sweden Äspö diorite were observed 
concerning Se and Cs sorption. The spectroscopic techniques of surface analysis were used for study of Se forms on 
the rock surface after the contact with selenite and selenate solution. The Electron Spectroscopy for Chemical Analysis 
(ESCA) and Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) were used. These methods 
can provide information about distribution of selenium on rock surface and information about oxidation state of sorbed 
selenium. The results of surface analysis of studied samples confirmed the initial assumption that retention mechanism 
of selenium species can be correlated to the presence of iron-containing minerals in the rock but the change of 
selenium oxidation state on samples surface was not observed.  
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This study investigates sorption and diffusion of Strontium (Sr) in two potential host rocks (granite from Kinmen 
Island and basalt from Penghu Island) by using batch and through-diffusion methods in order to establish a reliable 
safety assessment methodology. These methods were applied to crushed and intact rock samples to investigate the 
actual geological environment. According to solid-phase analysis, including X-ray diffraction, elemental analysis, auto 
radiography, and polar microscopy, the sorption component primarily contained iron–magnesium (Fe–Mg) minerals in 
basalt and granite. Moreover, the distribution coefficient (Kd) of Sr in various concentrations (~10−2–10−7 M) 
obtained from batch tests indicated a higher sorption capacity in basalt than that in granite because of the 10 % Fe–Mg 
mineral content. The diffusion of Sr both in granite and basalt reach steady state after 100 days and apparent diffusion 
coefficient (Da) were 3.29×10-11 m2/s (for Sr in crushed granite), 4.17×10-12 m2/s (for Sr in crushed basalt), 
respectively. However, diffusive result (Da) of Sr in intact rocks was estimated a lower value than those obtained using 
crushed rocks. According to the diffusive results in crushed and intact rocks, it showed that major retardation of Sr 
depended on the microporous structure of tested media, such as decreases of constrictivity (δ) and increases of 
tortuosity(τ). In fact, the solid/liquid (S/L) ratio decreased as is the case when switching from batch to column 
experiments and the sorption effect on minerals became even more negligible in retardation of radionuclide migration. 
  



CHEMISTRY OF NUCLEAR FUEL CYCLE - VERBAL 

365 

NFC-V15, (Id: 348) 
EFFECTS OF CEMENT SUPERPLASTICIZERS ON EU SORPTION ONTO KIVETTY GRANITE 
Stellan Holgersson 

Chalmers University of Technology 
stehol@chalmers.se 

 
Superplasticisers (SP) are cement additives used for the conditioning of the cement for increasing its workability in 
construction work. In the construction of a deep underground repository for nuclear waste in a geological formation 
there are a number of applications where the use of cement cannot be avoided. Examples of use can be floor plates, 
tunnel plugs and grout injections against water intrusion during the construction work. A recent literature review have 
shown that there is a potential for finding adverse effects of SP on radionuclide sorption onto host rock [1]. In this 
work a number of parameters that may affect Eu sorption in the presence of SP were investigated:  

• Solid phase: one rock type from the Finnish Kivetty site, graphite-free, 0.045-0.2 mm sieved fraction.  

• SPs from concrete leaching: two types of concrete, one Ordinary Portland Cement type and one low-alkaline type 
used for preparing the leaching solutions.  

• SPs: 4 types: Sikament EVO26, a polycarboxylate (PC), Glenium51 (also a PC) and Rheobuild1000, a 
polynaphtalenesulphonate (PNS) and Mighty150 (also a PNS).  

• SP concentrations: in experiments with SP additions, 0.1 and 1g/L were used.  

• Water phase: the saline Olkiluoto water [2], adjusted to three different pH: 8.5, 9 and 10 Batch sorption experiments 
were accomplished by preparing batches of 0.5 g of crushed rock in 10 mL synthetic groundwater phase (S:L = 1:20). 
Samples of the water phase were taken after 1 day, 1 week, 1 month, 3 months and 6 months of contacting time. All 
experiments were made in a nitrogen-flushed glove box. The final results at 6 months show for the reference case 
Rd(m3/kg) = 2.5±0.3, 1.5±0.4 and 1.4±0.8 for pH 8.5, 9 and 10, respectively. The addition of 0.1g/L EVO26 gave 
Rd(m3/kg) = 0.13±0.01, 0.048±0.000 and 1.2±0.0, respectively. The addition of 1g/L EVO26 gave 
Rd(m3/kg) = 0.18±0.01, 0.12±0.03 and 0.076±0.002, respectively. Thus, a clear effect of EVO26 on Eu sorption onto 
granite was established and the magnitude of effect seems to be pH dependent. The addition of 0.1g/L Glenium51 gave 
Rd(m3/kg) = 1.1±0.1, 0.27±0.01 and 0.18±0.00, respectively. The addition of 1g/L Glenium51 gave 
Rd(m3/kg) = 0.14±0.01, 0.045±0.003 and 0.016±0.000, respectively. The effect of Glenium51 was larger than for 
EVO26 and it is also pH dependent. The addition of 0.1g/L Rheobuild1000 gave Rd(m3/kg) = 2.2±0.8, 2.4±0.7 and 
1.5±1.0, respectively. The addition of 1g/L Rheobuild1000 gave Rd(m3/kg) = 1.8±0.2, 1.5±0.1 and 0.48±0.01, 
respectively. Thus, an effect of Rheobuild1000 was seen only for the highest concentration and at pH10. Finally, The 
addition of 0.1g/L Mighty150 gave Rd(m3/kg) = 3.1±1.1, 0.60±0.03 and 0.87±0.13, respectively. The addition of 1g/L 
Mighty150 gave Rd(m3/kg) = 1.6±0.2, 0.84±0.17 and 0.68±0.14, respectively. The effect of Mighty150 seems to be the 
same for both concentrations: a reduction of Eu sorption at pH9 and 10. The batch experiments were repeated using 
leaching solutions of OPC and low-alkaline cement with the SPs added in the cement curing at realistic concentrations. 
However, no effects on Eu sorption with these low-concentration leaching solutions could be established. Based on 
these results, normal usage of SPs in cement curing should not have an effect on Eu retention of the surrounding host 
rock. However, the more elevated concentrations that also were used clearly established that the two PNS types of SP 
were more inert in respect of potential metal-mobilizing complexation reactions, compared with the two PC types of 
SP. It may therefore be preferable to use a PNS type of SP in the building of a waste repository from a long-term safety 
perspective. 
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Carbon-14 is an important contributor to the annual dose released from a cement-based repository for low- and 
intermediate-level radioactive waste (L/ILW) in Switzerland. In current performance assessment it is assumed that 14C 
mainly contributes to dose in its organic form, such as 14C bearing organic compounds, which are only weakly retarded 
in the cementitious near field. Compilations of the activity inventories reveal that, in the already existing and future 
arising of radioactive waste in Switzerland, the 14C inventory in L/ILW is mainly associated with activated steel 
(~85 %). In nuclear power plants 14C is produced by the activation of nitrogen impurities in stainless steel exposed to 
thermal neutron fluxes (e.g. in nuclear reactors) according to the reaction 14N(n,p)14C. The chemical speciation of 14C 
in the cementitious near field upon release from activated steel is only poorly known.  

Identification and quantification of the 14C bearing organic compounds formed during the anoxic corrosion of activated 
steel is a major challenge, firstly due to the low 14C inventory of activated steel, and secondly due to the extremely low 
corrosion rate of stainless steel in alkaline solution (few nm/year). Thus, conducting a corrosion study with activated 
steel requires the development of an analytical method with a very low 14C detection limit for the identification and 
quantification of the 14C bearing organic compounds released during the anoxic steel corrosion, such as compound-
specific 14C accelerator mass spectrometry (AMS).  

As a first step towards the development of the AMS-based analytical technique, batch-type corrosion experiments with 
non-activated, carbon-containing iron powders were carried out with the aim of identifying potentially 14C bearing 
organic compounds. The iron powders were immersed in artificial cement pore water solutions in zero-headspace, gas-
tight vials and time-dependent changes in the concentrations of low molecular weight (LMW) dissolved and volatile 
carbon species were monitored over a period of 35 days. Dissolved and volatile organic compounds were determined 
in the supernatant solution using high-performance ion exclusion chromatography (HPIEC) coupled to conductivity 
detection (CD) and mass spectrometry (MS) for the dissolved species and headspace gas chromatography (GC) 
coupled to mass spectrometry for the volatile compounds. Organic carbon species were identified to be volatile 
hydrocarbons, like methane, alcohols, aldehydes, and carboxylic acids, with a maximum of up to four carbon atoms. 
Results from the corrosion experiments with non-activated iron powders will be discussed in detail along with the 
conceptual approach for the future corrosion study with activated steel. 
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A deep geological waste repository shall be designed so as to ensure the safety for thousands of years. The safety 
concept of a repository system is substantially affected by a type of a host rock. In a rock salt, the safety concept relies 
on a very slow migration of radionuclides in an almost free water environment and on a gradual self-sealing of 
excavations due to creep of the salt. In a clay, the safety relies on a very slow diffusion transport due to a highly 
impermeable rock and also gradual self-sealing of excavations due to creep of the clay. In a crystalline rock, however, 
the safety that might be strongly affected by advection through fractures in the host rock relies also on long-term 
performance of engineered barriers, primarily on corrosion resistant canisters.  

The aim of this paper is to present the sensitivity and probability analysis of a model of the Czech safety concept of 
deep geological repository The repository is, in this model, considered as a connected system of engineered and natural 
barriers. The fuel matrix consisting of uranium dioxide crystals in which are incorporated minor actinides and fission 
products forms the first barrier. The nuclear waste is supposed to be enclosed in steel based canisters which are placed 
in vertical boreholes at depth of ~ 500 m. The space between canisters and host crystalline rock is backfilled with 
compacted bentonite which forms the last engineered barrier.  

After failure of canisters, instant release fraction of radionuclides located mainly between spent fuel cladding and 
uranium matrix can release immediately. Radionuclides fixed in the uranium dioxide matrix will be released from the 
matrix congruently with the relative rate of dissolution of the matrix, which is considered to be very low, 1•10 8 a-1 
approximatelly. Released radionuclides will diffuse through the layer of compacted bentonite and rock (granite) matrix 
and will reach flowing water in granite rock fractures.  

The following processes influencing the migration rate of radionuclides from the repository to the biosphere are taken 
into account in the tested conceptual model: the water chemistry, the solubility, diffusive and sorption properties of 
radionuclides, and the water flow rate in the fractures. For the analysis performed, the repository system was simplified 
into a system of compartments. To account for various types of uncertainty, e.g. incompleteness associated with the 
reduction of complex heterogeneous system to a compartment model, randomness of rock fractures; the values of some 
model parameters were considered as uncertain. Parameters uncertainties were modelled via probability density 
functions which were assigned by expert judgment. The sensitivity analysis was performed using a variance based 
method which decomposes a total variance of a model output into contributions from each parameter. The calculation 
of the variance decomposition was based on a Monte Carlo simulation with Sobol’ quasi-random sequences. The 
results of the analysis are presented for a set of critical radionuclides, in particular 14C, 36Cl, 79Se, 129I and 210Po, the 
latter was assumed as the ending isotope of a simplified 4n+2 decay chain There are identified the main contributors to 
the variance of model output. The reduction of uncertainties of those parameters would lead to the decrease of spread 
of model output. 
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Uranium and plutonium mononitrides are considered as potential fuel for use in fast breeder reactors and high-
temperature gas-cooled reactors. At the present time as a separate nuclear fuel is considered uranium (plutonium) 
carbonitride. Revision of requirements that apply to fuel of economically competitive nuclear reactors of generation 
IV, and the desire for the largest possible compatibility of fabrication and reprocessing technologies of nitride fuel with 
fabrication and reprocessing technologies of oxide fuel makes nitride fuel rather perspective. This is conditioned by a 
number of significant advantages over other fuels, the most important of which is high density and high thermal 
conductivity. Nitrides can be produced at the same facilities as the oxides, without substantial modifications, and the 
initial stage of purex process for reprocessing of irradiated oxide fuel is applicable to nitride fuel. During irradiation in 
nitride fuel radioactive isotope of carbon 14C is generated, which may complicate the of irradiated fuel elements 
reprocessing technology and radiation situation. Generation of carbon-14 under irradiation of nitride fuel can be 
substantially reduced by using of nitrogen which enriched with nitrogen-15 isotope. The main directions in the 
development of nitride fuel fabrication processes are: nitriding of metallic uranium (plutonium); nitriding of uranium 
(plutonium) halides; carbothermic reduction of uranium (plutonium) dioxide in the presence of nitrogen and others. 
Currently these processes are underway when using of main reagent flow – nitrogen. As a new direction in the 
development of nitride fuel fabrication processes is considered the using of closed volume and catalytic methods for 
nitriding of uranium (plutonium). Development of this approach allows to realize of economically expedient 
production of nitride fuel on the basis of Nitrogen-15. In the report is considered in detail technological applications of 
the specified processes that allows to make up to (1.5-2.0) kg / h of the desired product and yield up to 99 % when the 
content of carbon and oxygen impurities up to 0.05 wt. % of each. Special attention is given to consideration of 
technological processes for fabrication of compact products from nitride (carbonitride) uranium (plutonium). 
Systemized data and equipment review for the technological sites for making of materials and products from nitride 
(carbonitride) uranium (plutonium) are presented. 
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The extraction ability of ligands strongly depends on the type of the diluent. The fluorinated compounds provide an 
opportunity for variation of diluents structure and polarity. Different types of fluorinated compounds (alcohols, ethers 
and other fluorinated aromatic compounds) were tested as diluents for bidentate organophosphorus compounds, 
chlorinated cobalt dicarbollide and crown ethers. It was shown that in some cases using of polar diluents allowed to 
increase extraction ability of studied ligands. The main goal of the present work was to study the influence of new 
fluorinated diluents (fluorinated ethers and formals of fluorinated alcohols) on extraction ability of tributylphosphate 
(TBP) toward nitric acid and metals. It was found that fluorinated ethers and formals of fluorinated alcohols which 
contained in their structure –CF2H groups decrease the extraction ability of TBP like in the case of chloroform. Both 
classes of studied compounds are highly resistant to gamma-radiolysis in the presence of nitric acid.  

From the technological point of view fluorinated diluents are very promising as they allow receiving of concentrated 
uranium solutions. 
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Tetraoсtyldiamide of diglycolic acid – (TODGA) is actively studied as promising extractant for actinide separation. 
Extraction properties of TODGA in various diluents were studied. It was shown, that maximal metal concentration in 
the organic phase can be achieved when meta-nitrobenzotrifluoride ( F-3) was used as a diluents.  

Actinide and lanthanide extraction from HLW by 0.2 M TODGA in F-3 was tested in dynamic test. Simulated HLW – 
PUREX process raffinate with high concentration of lanthanides was used as a feed solution. Extraction mock-up has 
worked more 110 hours, about 5,5L of feed solution was used, solvent had more two cycles.  

High efficiency of actinide (americium, thorium, uranium) and lanthanides extraction (more 99,.9 %) was 
demonstrated. Zirconium and molybdenum partly remained in raffinate. The distribution of components between the 
stages of flowsheets was studied on the base of stage sampling. Lanthanide extraction is in the raw: La < Ce < Nd < Gd 
< Sm < Eu < Y. Extraction of americium is very close to such lanthanides as Nd and Gd. These trends are in good 
accordance with literature data for TODGA – dodecane solvent.  

The loss of TODGA with raffinate is about 10 mg/L.It’s noted that Tc has not been full stripped from solvent. TODGA 
– metanitrobenzotrifluoride is very promising solvent for HLW processing 
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In the context of advanced nuclear fuel cycles including partitioning and transmutation (P&T), actinide co-conversion 
processes, such as sol-gel routes, play an important role to close the fuel cycle. During the heterogeneous recycling of 
minor actinides, oxidic materials containing uranium as main matrix are used as innovative nuclear fuels.  

Advanced fuel concepts replace the conventionally used pellets by particles (Sphere-pac or Vipac fuel) [1]. Particle 
fuels show good swelling behavior and can easily be fabricated. A suitable dustless preparation method is the internal 
gelation. This wet chemical method is a conversion process which transforms an aqueous colloidal solution sol into a 
solid gel. The internal gelation method was used for the particle synthesis during this work. Acid deficient uranyl 
nitrate (ADUN) and neodymium nitrate solutions were used as precursor, while urea acts as complexing agent and 
hexamethylenetetramine (HMTA) as gelification agent [2]. Pure uranium oxide and uranium / neodymium oxide 
microspheres with a variable content of Nd (5 % - 40 %) were fabricated in the framework of the EU project ASGARD 
[3]. Neodymium is used as surrogate for trivalent actinides, such as americium.  

Mass- and size- characteristics of the prepared particles were studied. TG/DSC analyses were performed to investigate 
the thermal behavior. Finally the particles were thermally treated under reducing conditions at 1300 °C and 1600 °C. 
The products were investigated by the use of SEM/EDX and X-ray powder diffraction (XRD). Lattice parameter 
calculations were performed using the XRD data.  

The particles, treated at 1300 °C showed only one cubic phase, for the whole observed χ(Nd) range. The expected 
linear behavior according to Vegard’s rule was observed for compositions χ(Nd) ≤ 27.59 %. The thermal treatment of 
the particles with compositions χ(Nd) ≥ 33.49 % was repeated for 5 hours with a higher temperature (1600 °C). The 
expected linear trend could be confirmed and it could be demonstrated that equilibrium solid solutions of the UO2 / 
Nd2O3 system can be fabricated with the internal gelation synthesizing route.  

References  
[1] M. Pouchon et al., chapter 3.11 Sphere-Pac and VIPAC fuels, Comprehensive Nuclear Materials, Elsevier Ltd., 
2012, p. 275 – 312  
[2] J. L. Collins et al. , Radiochim. Acta, 1987, 42: p. 121–134  
[3] http://asgardproject.eu/ 
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The disposal of high level radioactive waste is one of the most pressing and demanding challenges. With respect to 
long-term safety aspects of geological disposal, the minor actinides (MA) such as Am, Cm and Np and long-lived 
fission products such as 35Cl, 135Cs, 79Se, 90Sr and 129I may be of particular concern due to their long half-lives, their 
high radiotoxicity and mobility in a repository system, respectively. Ceramic waste forms for the immobilisation of 
these radionuclides have been investigated extensively in the last decades since they seem to exhibit certain advantages 
compared to other waste forms (incl. borosilicate glasses and spent fuel) such as high loadings and chemical durability. 
Currently, most on-going nuclear waste management strategies do not include ceramic waste forms. However, it is still 
important to study this option, e.g. with respect to specific waste streams and certain constraints regarding deep 
geological disposal.  

In the present communication we report on the research program in Jülich regarding ceramic waste forms for the 
conditioning of MA. It is based on fundamental science and follows an integral approach that covers the separation of 
elements or elemental groups with similar chemical properties from a waste stream by liquid/liquid extraction as well 
as the immobilisation in ceramic materials as hosts. The research focuses on single phase ceramics such as Monazites 
and Zirconates with Pyrochlore structure and includes:  

1.) Development and optimisation of synthesis routes suitable for immobilisation of MA into ceramic waste forms and 
the handling of radionuclides such as sol-gel route, hydrothermal synthesis and co-precipitation,  

2.) structural and microstructural characterisation using state of the art spectroscopic (Raman, TRLFS, EXAFS), 
diffraction (powder and single crystal XRD) [3] and microscopic (SEM, FIB/TEM) techniques,  

3.) determination of thermodynamic data (calorimetry) and reactivity under conditions relevant to geological disposal, 
in particular with respect to leaching/corrosion in aqueous environments (static & dynamic dissolution experiments on 
powders and pellets) as well as  

4.) studies on radiation damages (irradiation with α-particles and/or heavy ions, and incorporation of short-lived 
actinides such as 238Pu, 241Am or 244Cm).  

Finally, a fundamental understanding of the long-term behaviour on the atomic scale will help to improve the scientific 
basis for the safety case of deep geological disposal concepts using ceramic materials. 
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The possibility of the preliminary microbiological treatment of the oil- and nitrate containing liquid radioactive waste 
(LRW) before solidification in the cement matrix was studied. It was experimentally proved earlier that the oil- and 
nitrate-containing cement compounds during long-term storage are characterized with the microbiological degradation 
due to the reaction of biogenic organic acids and gases with the minerals of the cement matrix.  

We propose to biodegrade the LRW components before their solidification, thus reducing the total volume of LRW 
and preventing the destruction of the inorganic cement matrix during the long term storage.  

The biodegradation of the nitrate-containing LRW (denitration) is possible by using the radioresistant microflora 
which can use oxygen from nitrate for cellular respiration converting it to molecular nitrogen form (denitrification). It 
can also degrade some organic molecules as electron donors for cellular respiration and as carbon source. Bacteria 
were cultivated for 3-4 days for reducing nitrate concentration from 3 gram to 10 mg per liter. We used two ways of 
cultivation: anaerobic bioreator-denitrifier and biofilter system. All method are suitable for nitrate removing from low 
level liquid radioactive waste.  

The biodegradation of the oil-containing LRW is possible by using the radioresistant microflora which oxidize the 
organic components of the oil to carbon dioxide and water. Simultaneously there is the biosorption of the radionuclides 
by bacteria and emulsification of oil in cement slurry due to biogenic surface-active substances of glycolipid nature. It 
was experimentally found that after 7 days of biodegradation of oil-containing liquid radioactive waste the volume of 
LRW reduces by factors varying from 2 to 10 due to the biodegradation of the organic phase to the non-radioactive 
gases (CH4, H2O, CO2, N2), which are derived from the volume of the liquid radioactive waste. The ussage of an 
aerobic bioreactor with air mixing and bubbling (at fluidized bed) for high oxygen concentration is the most suitable 
method for this process.  

At the same time, the microorganisms due to sorption processes on the cellular structures are able to extract from the 
LRW up to 80-90 % of alpha-radionuclides, up to 50 % of 90Sr, up to 20 % of 137Cs. The radioactive biomass is subject 
to dehydration and solidification in the cement matrix. 
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In connection with the high rates of development of nuclear power engineering a problem of optimizing the process of 
nuclear fuel production and improving its performances remains relevant. Currently, the main way to obtain UO2 fuel 
pellets is the method of Cold Pressing and Sintering (CPS). The main disadvantages of this method are large sintering 
duration (up to several hours) and high temperature of sintering. The innovative method of producing ceramics for 
various purposes (manufacture lasers, catalysts, semiconductors, dielectrics, biomedical materials, etc.) is the method 
of Spark Plasma Sintering (SPS). In this method, the powder samples placed in a graphical cuvette are heating with 
high speed by passing pulses of direct current with simultaneous application of hydrostatic pressure. This method is 
characterized by high rates of process shrinkage. In the present work ceramic from CeO2 (as analogue of UO2 and as 
candidate for the inert matrix fuel, IMF, for the transmutation of actinides) was received by CPS and SPS methods and 
the results were compared. CeO2 powder was prepared by decomposition of cerium nitrate Ce(NO3)3•6H2O (puriss.). 
SPS method was carried out on the installation Dr.Sinter Model-625. Optimized conditions of sintering of ceramics: - 
by CPS method: Tsintering = 1800 °C, P = 108.4 MPa, t sintering = 2 h; - by SPS method: Tsintering = 1062 °C, 
P = 88.6 MPa, t sintering = 25 min including cooling. Relative density of the ceramics obtained by CPS method 
constituted 79.9 % of the theoretical, ceramics obtained by SPS method - 95.4 %. As can be seen from the received 
data, ceramics obtained by SPSmethod, has a higher relative density, the sintering occurs at a lower temperature and 
pressure and in less time. Shrinkage of the sample begins at a temperature of 840 °C, finishes at 1060 °C, the 
maximum shrinkage rate (0.02 mm/s) is observed at 940 °C. Time of shrinkage is 3.5 min. 
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In recent years, much attention has been drawn to the photo- and radiation-induced synthesis of various materials. In 
presented work, radiation-induced synthesis of nanocrystalline uranium and/or thorium oxides is investigated. 
Uranium(IV) oxide is widely used as a fuel in various types of nuclear reactors [T. Abe and K. Asakura: 2.15 Uranium 
Oxide and MOX Production. In: Comprehensive Nuclear Materials. Amesterdam: Elsevier, 2012, 394-422. ISBN: 
978-0-08-056027-4]; thorium(IV) oxide and mixed uranium-thorium oxides are currently tested as a promising 
alternative [P. R. Hania and F. C. Klaassen: 3.04 Thorium Oxide Fuel. In: Comprehensive Nuclear Materials. 
Amesterdam: Elsevier, 2012, 88-108. ISBN: 978-0-08-056027-4]. Study of photo-/radiation- induced preparation of 
these oxides may contribute to the research in the field of nuclear fuel cycle in two ways:  

1) Synthesis of oxides; these oxides are under suitable conditions highly pure and nanomentre-sized with narrow 
distribution of particle size.  

2) Removal of radionuclides from solutions originated from irradiated fuel reprocessing. Photo- and radiation-induced 
synthesis of nanocrystalline uranium and/or thorium oxides is based on formation of amorphous solid precursor in 
aqueous solutions containing uranium and/or thorium nitrate and ammonium formate under UV radiation (low/medium 
pressure mercury lamp) or ionizing radiation (accelerated electrons). Subsequent heat treatment under various 
atmospheres leads to formation of nanocrystalline UO2, ThO2 or UO2–ThO2 solid solution at minimum temperatures in 
the interval 300–550 °C. The materials consist of nanoparticles from 3 to 15 nm in diameter and with narrow size 
distribution. The most advantageous preparative method, consisting in irradiation of uranium and/or thorium nitrates 
(0.01 mol.dm-3) and ammonium formate (0.1 mol.dm-3) by low pressure mercury lamp, is distinguished by the yields 
of oxides – 75 % for both UO2 and UO2–ThO2 solid solution, whereas the yield of ThO2 is 95 %.  

Proposed method for uranium and/or thorium oxides synthesis is fast, simple and prepared oxides fulfil the 
prerequisites for the production of the high-quality nuclear fuel. The preparation of nanocrystalline UO2, ThO2 and 
mixed UO2–ThO2 oxides under medium pressure mercury lamp irradiation has been recently published [T. Pavelková, 
V. Čuba, F. Šebesta: Photo-induced low temperature synthesis of nanocrystalline UO2, ThO2 and mixed UO2–ThO2 
oxides, J. Nucl. Mater. 442, 2013, 29-32. (Letter to the Editor)].  

This work has been supported by EU 7th Framework Programme (project ASGARD, EC-GA No. 295825) and by the 
Grant Agency of the Czech Technical University in Prague, grant No. SGS14/207/OHK4/3T/14. 
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DEVELOPMENT OF INTEGRATED SOFTWARE FOR MATERIAL BALANCE OF TECHNOLOGICAL 
PROCESSES CALCULATION, EQUIPMENT OPERATION MODES OPTIMIZATION AND SAFETY OF 
NUCLEAR FUEL CYCLE RADIOCHEMICAL NODES APPROVAL 
Svetlana Tretyakovaa, Ol'ga Shmidta, Inga Makeevab, Viktor Dubosarskiyb, Vasiliy Pugachevb 
aBochvar Institute (VNIINM) 
bZababahin Institute (VNIITF) 
djilyn@yandex.com 

 
At this time development of any complex chemical plant (including spent nuclear fuel reprocessing plant) should be 
accompanied with plant governing model development. Creation of such a model is especially significant while 
developing innovative plants, many technological processes of which have no industrial-scale solutions and number of 
processes require R&D work in corresponding areas.  

Material balance calculation of all flowsheet and separate nodes is one of the functions of governing model. Purpose of 
balance calculations is determination of flow rates and properties of products and wastes. Also the results of balance 
calculations can be used for estimation of realizability and practicability of technological solutions proposed, 
considering volume and activity of radioactive waste.  

By the time “Balance model” of backend nodes of closed nuclear fuel cycle has been developed in the VNIINM. This 
model represents database consisting of mathematic models of separate radiochemical processes. User interface allows 
creating of different sequence of operations for any part of SNF reprocessing flowsheet using database and performing 
balance calculations for all technological flows of the scheme.  

The paper describes cooperative works of VNIITF and VNIINM, targeted at creation of software, representing the 
plant governing model which will allow for closed nuclear fuel simulation, balance calculation, optimization of 
equipment operation modes using simulated experiment and providing data for assessment of nuclear safety of certain 
nodes and the whole flowsheet. Within this work integration of the “Balance model” database with creation of 
appropriate interface and integration of particular models of radiochemical processes and equipment considering 
physicochemical properties of working media, operation conditions, etc. is underway. Integration is performed in three 
ways: development of interface for data exchange between external process model, adaptation of existing model for 
developing software requirements and creation of certain models, according to developing software requirements.  

Model developing has the following advantages: maximum flexibility while creating flowsheet and editability of 
model database. The latter is especially significant for successful creation of model database simultaneously with 
carrying out R&D works in according directions. 
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NITRIC ACID ADDUCTS FORMATION DURING CRYSTALLIZATION OF BARIUM AND STRONTIUM 
NITRATES AND THEIR CO-PRECIPITATION FROM NITRIC ACID MEDIA. 

Nadezhda Mishina, Boris Zilberman, Aleksandr Lumpov, Dmitry Ryabkov, Yulia Tuzik 

Russian Federation 
mishina@khlopin.ru 

 
Ba(NO3)2 precipitation is one of the limiting factors in HLW evaporation during NPP spent fuel reprocessing. The 
model was proposed in our previous work [1] for approximation of the Ba(NO3)2 and Sr(NO3)2 solubility in HNO3 
solutions using the law of mass action. As a result the two linear areas where identified according to slope of the 
solubility on total nitrate ion concentra-tion in logarithmic scale and the existence of the adducts, containing 1-2 
molecules HNO3 molecules with Ba(NO3)2 and 2 ones with Sr(NO3)2 were suggested. The Ba(NO3)2 solubility in 
neutral solutions of Sr(NO3)2 is higher, while in the presence of ammonium and sodium or RE nitrates the curve shape 
is also characterized by the minimum, indicating in all the cases on the effect of nitrate complexation. In Ba(NO3)2 
KNO3 system the formation of the slightly soluble double salt Ba(NO3)2∙2KNO3 is observed.  

The chemical analysis using 137Cs or Be(NO3)2 as a reference mark in the case of Ba(NO3)2 or Sr(NO3)2, respectively, 
was carried out to calculate the volume of mother liquor captured by the precipitate. The amount of excess NO3 - ion 
was compared with the excess of H+- ion in relation to metal amount in the precipitate. Ba(NO3)2 and Sr(NO3)2 
precipitates in the range from 0 to 5 mol/dm3 HNO3 contained only small permanent amount of excess, occluded by 
precipitate. In-creasing of HNO3 concentration in the liquor > 7 mol/dm3 HNO3 led to a sharp increase of acid con-tent 
in precipitates, indicating on the complex compound formation during crystallization. In the same area co-
crystallization of Ba and Sr nitrates took place. IR spectra [2] including differential ones confirm the presence of 
excess nitric acid and/or wa-ter in wet precipitates of barium and strontium nitrates and in their solid solutions 
precipitated at the high acidity or obtained by re-crystallization during their mixing in wet form.  

X-ray diffraction patterns and chemical analysis [2] of individual and co-crystallized barium and strontium nitrates also 
indicated on the formation of (Ba,Sr)(NO3)2 solid solutions of three compositions at 4 mol/dm3 HNO3 and more in 
mother liquor, the composition depending on Sr to Ba ratio in the liquor at significant Sr(NO3)2 molar excess and 
typical solubility of the latter. The pattern of double salt Ba(NO3)2∙2KNO3 was indentified as well.  

So, the formation of adducts of barium and strontium nitrates with nitric acid was qualitative-ly confirmed by different 
methods indicating on their metastable nature, resulting in possible dis-placement of nitric acid monohydrate from 
forming matrix into pores of crystals.  

[1] Mishina, N.E., Akhmatov, A.A., Zilberman, B.Ya., et al. Radiochemistry, 2010, vol. 52, Iss. 5, pp 523-529.  
[2] Mishina, N.E., Zilberman, B.Ya., Lumpov, A.A., et al. Radiochemistry, 2013, vol. 55, Iss. 2, pp (in printing). 
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NFC-P01, (Id: 0) 
USING BASALT CONTAINERS FOR STORAGE OF GLASSED RADIOACTIVE WASTE 

Vladimir Kulemin, Vladimir Krapukhin, Sergey Kuluykhin, Elena Krasavina, Viktor Lavrikov 
Frumkin's Institute of Physical Chemistry and Electrochemistry, Russian Academy of Sciences 
kulemin@ipc.rssi.ru  

 
The generation of a great amount of radioactive waste of various radionuclide compositions and activity levels call for 
the development of various methods of waste reprocessing and storage, as well as the production of new equipment 
and setups. Vitrification is considered to be one of the main directions for high-level waste disposal. Vitrified waste 
must be placed in containers meeting specific requirements. One of the most promising materials for making the 
containers is cast stone. The material has high radiation and corrosion resistance, waterproofness, destruction 
resistance at 400-500 °С, and a good molding ability. Cast stone products display high strength properties and 
resistance to aggressive media. On the other hand, when a filled container is cooling down, the differences in the 
thermal expansion coefficients of glass and stone casts (the coefficients may differ by a factor of 3) inevitably lead to 
the appearance of strain in any parts of the contact between the container material and glass, which may provoke the 
cracking of both the glass unit and the container material during. Placing a ready glass unit in the container is 
associated with loading problems, because owing to the difficulties associated with mechanical treatment of the glass 
unit containing high-level waste, it is virtually impossible to ensure a precise fit of the glass unit shape and the internal 
space of the container. Therefore, even if all technological manipulations during the packing of vitrified waste are 
carried out properly, the appearance of voids or strains is inevitable due to the differences in their shapes and thermal 
expansion coefficients. To remove this drawback, we suggest using mineral wadding between the container walls and 
the glass unit. The mineral wadding is made of stone melting at 1500 °С. The material has a good insulation ability in a 
wide temperature range, high mechanical and chemical stabilities, and compression strength. It is inflammable and 
does not absorb water. However, special samples having good water absorption are produced too.  

Ensuring the leak tightness of the containers with vitrified radioactive waste is of great importance during waste 
preparation for a long-term storage. Using cast stone containers is associated with lack of tightness between the cover 
and the container. Towards this end, a pilot setup for sealing the containers has been developed.  

Thus, the obtained results allow us to conclude that using cast stone containers lined with mineral wadding from the 
inside have good prospects for storage of vitrified radioactive waste. 
  



CHEMISTRY OF NUCLEAR FUEL CYCLE - POSTERS 

 

382 

NFC-P02, (Id: 2) 
DECONTAMINATION OF LOW RADIOACTIVE LIQUID WASTE FROM OILS AND PETROCHEMICALS 
USING UV RADIATION AT NPPs 

Vladimir Kulemin, Sergey Kuluykhin, Vladimir Krapukhin, Viktor Lavrikov 
Frumkin's Institute of Physical Chemistry and Electrochemistry, Russian Academy of Sciences 
kulemin@ipc.rssi.ru  

 
Nuclear power plants with WWER and RBMK reactors annually generate 30000 to 100000 m3 of various liquid 
radioactive wastes. The increasingly growing amount of liquid radioactive waste of medium (MAW) and low activity 
(LAW) has made their reprocessing an acute issue. The main task is the separation of the long-lived radionuclides of 
fission products, the residual amounts of actinides (U, Np, Pu, Am, and Cm), and radioactive corrosion products of the 
construction steels (60Со, 63Ni, 54Mn, 55Fe, 59Fe, etc.). In addition to the radionuclides, liquid MAW and LAW contain a 
large amount of various salts (up to 200 g/l), chelating compounds (EDTA, surfactants, etc.), traces of various oils, 
petroleum, and organic compounds. Their presence complicates both the separation of radionuclides from liquid waste 
and liquid waste decontamination technologies. The main methods of concentrating liquid LAW at nuclear power 
plants are distillation and ion exchange. During the evaporation of oil-containing aqueous LAW, part of the 
petrochemical products get into the condensate. Decontaminating this condensate with ion-exchange resins leads to 
their oiling and, consequently, decreases their operation resource. This work studies the possibility of using UV 
radiation for decreasing the content of petrochemical products in liquid LLW. The experiments were carried out on 
distilled water containing spindle oil in a model solution and real liquid LAW from the Kalinin Nuclear Power Plant. 
The model solution contained the following compounds (g/dm3): NaNO3 (0.166), Na2SO4 (0.074), KNO3 (1.576 and 
1.295), NH3 (1.0), and spindle oil (17.10-3). The real solutions contained water from the floor drain pan (FDP), the 
degassed water pump (DWP), and the pure condensate tank (PCT). In addition to petrochemicals, the floor drain water 
contained 134Cs (4.18.105 Bq/dm3), 137Cs (6.85.105 Bq/dm3), 54Mn (23.94.102 Bq/dm3), 131I (4.07.104 Bq/dm3), 60Co 
(7.92.103 Bq/dm3), and 24Na (12.32.103 Bq/dm3); Fe (1.2 mg/ dm3), Na (3 mg/dm3), and K (0.27 mg/dm3); H3BO3 
(2.2 g/dm3); pH 9-12. The work used mercury lamp placed directly in the solutions, which led to the heating of the 
irradiated solutions. The obtained data show that UV irradiation allows decreasing the petrochemicals content in the 
water solutions to a great extent, which will benefit the operation of ion-exchange resins in the liquid LAW 
decontamination systems. 
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PURIFICATION OF ISOTOPICALLY ENRICHED 92Mo FROM REPROCESSING OF CERMET Mo-BASED 
TRANSMUTATION FUEL 

Kamil Vavřinec Mareš, Jan John, Ferdinand Šebesta 
CTU in Prague 
mareskam@fjfi.cvut.cz  

 
The aim of this work is a separation of 137Cs from model solutions of ammonium molybdate, which probably will be 
issuing from a reprocessing of CerMet Mo-based transmutation fuel for ADS. Comparing the effectiveness of different 
sorbents were performed based on the Dg values. The best material KNiFC-PAN (inorganic-organic composite ion 
exchanger based on potassium-nickel hexacyanoferrate active compound and polyacrylonitrile binding matrix) was 
characterized by kinetic studies and determination of weight distribution coefficients dependence of ceasium on the pH 
and the concentration of molybdenum and determination of sorption isotherms. The final column experiment 
confirmed the suitability of KNiFC-PAN for separation caesium from slightly alkaline, concentrated solution of 
molybdenum. 
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NFC-P04, (Id: 7) 
CEMENTATION OF LIQUID RADIOACTIVE WASTE WITH HIGH CONTENT OF BORATE SALTS 
Olga Gorbunova 
FSUE "RADON" 
olg-gorbunova@yandex.ru  

 
The report reviews the ways of optimization the cementing of boron-containing liquid radioactive waste. The most 
common way to hardening the low-level liquid radioactive waste (LRW) is the cementing. However, boron-containing 
liquid radioactive waste with low pH values can not be cemented without alkaline additives, to neutralize the acid 
forms of the borate compounds. Cement setting without additives, happens only on the 14-56 day, the compounds have 
low strength, and hence an insufficient reliability of the radionuclides fixation in the cement matrix. The alkaline 
additives increase the volume of the final cement compound that enhances the financial and operational costs.  

The physical and chemical methods of accelerating setting and hardening of cement compounds, containing boron 
compound aqueous solutions with low pH and determined the main components of the liquid radioactive waste, which 
prevent the hardening. To control the speed of hardening the cement solution with a boron-containing liquid 
radioactive waste and removing the components, that prevent hardening of the cement solution, it is proposed an 
electromagnetic treatment of the liquid radioactive waste in the eddy layer of the ferromagnetic particles.  

The results of the infrared spectroscopy show, that the electromagnetic treatment of liquid radioactive waste changes 
the ionic forms of the borates and raises the pH due to the dissociation of the oxygen and hydrogen bonds in the 
aqueous solutions of the borate compounds.  

It has investigated the various types of the ferromagnetic activators of the eddy layer, including the highly dispersed 
nano-powders and the magnetic phases of the iron oxides.It has determined the technological parameters of the 
electromagnetic processing of liquid radioactive waste and the subsequent cementation of this type of liquid 
radioactive waste. By using the method of scanning electron microscopy it is shown, that the nano-particles of 
magnetic phases of the ferric oxides are involved in the phase formation of hydro-aluminum-calcium ferrites in the 
early stages of the hardening and improving the strength of the cement compounds with liquid radioactive waste. 
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CEMENTATION OF THE SOLID RADIOACTIVE WASTE WITH POLYMER-CEMENT SOLUTIONS 
USING THE METHOD OF IMPREGNATION 

Olga Gorbunova 
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olg-gorbunova@yandex.ru  

 
Cementation of the solid radioactive waste (SRW), i.e. the inclusion of solid radioactive waste in the cement matrix 
without cavities - is one of the main technological processes during the conditioning of the low and intermediate 
radioactive waste. The main task in the process of mixing the solid radioactive waste with the cement solution is to 
maximize the radioactive waste filling of the final compound, preserving the required regulated properties.  

However, to achieve the desired quality of the final compound is possible only including a maximum finely dispersed 
solid radioactive waste (e.g., ash) no more than 20-30 % of the weight.  

In the FSUE "Radon" was developed and since 2003 has cemented the solid radioactive waste by using an 
industrialized method of impregnation. The technology is that the polymer-cement solution, having high penetrating 
properties, is supplied under pressure through a tube to the bottom of the container in which is preliminarily placed 
solid radioactive waste. The polymer-cement solution is evenly moving upwards through the channels between the 
particles of solid radioactive waste, fills the voids in the bulk volume of the waste and hardens, forming a cement 
compound, the amount of which is equal to the original volume.  

On the cementing go various kinds of diverse sizes of SRW: large lump fragments of the retiring equipment, bulk 
material with a size of 1-30 cm, particulate materials such as soil or ash from the incineration of the SRW with particle 
size of 0.5-150 mm. Justified the technological parameters and the composition of the high penetrating polymer 
impregnation solution for the solid radioactive waste of different granulometric compositions.  

It has experimentally confirmed that when moving the cement solution through a bulk layer of solid radioactive waste, 
the initial ratio of the liquid and solid phases of the solution changes. As the cement solution is a suspension, the 
dispersed in water solid particles, in the impregnation process can settle on the cemented material. This process can 
lead to the depletion of the cement content in the solution in the subsequent layers of the impregnated material, 
whereby therein will be the slurry with less cement with higher S / C ratio (e.g., the initial solution with S / C = 0.6, at 
the exit will be depleted liquid solution with S / C = 0.8-1.0), which ultimately leads to a deterioration in the quality of 
the resulting product.  

In addition, the settling cement particles, at the entrance, fill the voids of the impregnated material and prevent the 
further conducting cementing process, even more depleting the cement penetrating in the subsequent layers of the 
solution. It has been chosen a polymer, which is a stabilizing and water-retaining component of the cement slurry. It 
allows reaching a bigger mass transfer of the cement particles in the upper layers of the bulk volume of SRW. The 
experiments confirm that the polymer increases the permeability of the cement solution in 2-2.5 times, the fluidity in 
1.2 times, the stability of the consistency in 1.5-1.7 times, and extends the operating range of the W / C ratio to 0.5-1.1. 
The report presents the experimental data and scientific justification of the process of cementation the solid radioactive 
waste by an impregnation method using polymer-cement solutions. 
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A STUDY OF NITROGEN OXIDES RELASED  INTO THE GAS PHASE DURING URANIUM NITRIDE 
DISSOLUTION IN NITRIC ACID 

Yulia Voskresenskaya, Andrey Shadrin, Sergey Kulyukhin, Oleg Ustinov, Aleksey Bessonov 
julya.voskresenskaya@gmail.com  

 
In this work, we studied the release of nitrogen oxides (N2O, NO, and NO2) during UN dissolution at different 
concentrations of HNO3 (3-16 mol/l) at a ratio between the solid (S) and liquid (L) phases of 1 : 7.5, as well as at an 
HNO3 concentration of 7.2 mol/l. and L : S ratios from 3 to 30. The UN amounts were varied from 50 mg to 500 mg. 
The experiments were carried out at a temperature of 50–60 °C in the air or argon atmosphere.  

The experiments were performed using a specially designed laboratory facility. The compositions of the nitrogen 
compounds in the gas were determined using IR spectroscopy. The IR spectra were measured in gas cells (working 
space length 10 cm) using a Specord M 80 spectrophotometer. The amounts of the nitrogen oxides were calculated 

 = 2236 cm-1  = 0.2244 mol-1 -1) for N2  = 1792 cm-1  = 0.0107 
mol-1 -1  = 1628 cm-1  = 0.3178 mol-1 m-1) for NO2. The measurement accuracy was 
±10 %.  

The formation of N2O, NO, and NO2 was observed in all the cases. In addition, N2O4 appeared in the gas phase during 
UN dissolution at an HNO3 concentration of more than 9 mol/l.  

Major attention was given to the formation of the N2O nitrous oxide during the interaction of uranium nitride with 
nitric acid (S : L = 1 : 7.5). Table 1 shows the dependence of the N2O release on the nitric acid concentration in air and 
argon. As seen in Table 1, the release of the nitrous oxide linearly rises with an increase in the nitric acid 
concentration, whereas the atmosphere of the experiment does not influence the formation of N2O.  

Table 1. Release of nitrous oxide during the interaction of uranium nitride with nitric acid (S : L = 1:7.5) at different 
concentrations of HNO3  

HNO3 concentration,  
mol/l N2O : UN ratio, mmol  
argon air  
3 0.4 0.4  
5 0.5 0.6  
7 0.6 0.6  
9 0.7 0.7  
12 0.8 0.8  
16 0.8 1.0  

On the other hand, the dependencies for NO and NO2 are of a more complex character, which might be due to the 
possible transformation of NO into NO2 and NO2 into N2O4. The data on the volume ratio of these oxides is given in 
Table 2. The N2O volume ratio does not change with an increase in the nitric acid concentration in the experiments in 
argon, whereas in air, an increase in the HNO3 concentration leads to a drastic drop of 20 to 6 % in the N2O volume 
ratio. With raising the nitric acid concentration from3 mol/l to 16 mol/l, the NO volume ratio decreases from 83 to 
42 % in the experiments in the argon atmosphere. The explicit volume ratio of NO dependence of HNO3 concentration 
does not exist in the experiments in air. With raising the nitric acid concentration from 3 to 16 mol/l, the NO2 volume 
ratio increases from 7 to 49 % in the experiments in the argon atmosphere. On the other hand, no explicit dependence 
of the NO2 volume ratio on the HNO3 concentration is observed in the experiments in air.  

Table 2. Volume ratios of nitrogen oxides released during the interaction between HNO3 and UN for the different 
HNO3 concentrations and atmospheres.  

HNO3 concentration, mol/l Volume ratio, %.  
argon air  
N2O NO NO2 N2O NO NO2  



CHEMISTRY OF NUCLEAR FUEL CYCLE - POSTERS 

 

387 

3 10 83 7 20 70 10  
5 9 82 9 18 66 16  
7 11 66 22 13 75 12  
9 13 61 26 7 83 10  
12 11 56 34 6 76 17  
16 9 42 49 6 71 23  

Table 3 shows the dependencies of the N2O, NO, and NO2 release on the L : S ratio in the argon and air atmosphere, 
respectively. As seen in Table 3, no explicit correlation between the volume ratios of the oxides and the L : S ratio is 
observed, but there is a tendency to an increase in the volume ratios with a decrease in L : S. For NO2, there is a 
tendency to an increase in the its volume ratio with a decrease in the L : S ratio in either argon or air.  

Table 3. The volume ratios of N2O, NO and NO2 in the gas phase during UN dissolution in HNO3 (7.2 mol/l ) as a 
function of the L : S ratio in argon and air  
 

Argon Air  
L : S Volume ratio, %  
L : S Volume ratio, %  
N2O NO NO2 N2O NO NO2  
 25 8 78 13 30 7 84 8  
 14 6 83 11 20 9 83 8  
 8,5 7 78 1 
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A STUDY OF NITROUS OXIDE ABSORPTION IN AQUEOUS SOLUTIONS 
Yulia Voskresenskaya, Andrey Shadrin, Sergey Kulyukhin, Oleg Ustinov, Aleksey Bessonov 
julya.voskresenskaya@gmail.com  

 
Nitrogen oxides (N2O, NO, and NO2) going into the gas phase during nitride fuel dissolution in HNO3 should be 
captured before emission into the environment. Very many decontamination technologies allowing an efficient 
trapping of NO and NO2 have been developed. On the other hand, N2O is not a salifiable compound that can hardly 
react with acids and alkali. However, there are literature data on partial absorption of N2O by various aqueous 
solutions. The aim of this work was a study and a comparison of N2O absorption by different aqueous solutions from a 
gas phase under dynamic conditions. The experiments were carried out on a specially developed laboratory facility 
with bubblers of different designs. The nitrous oxide was fed from a vessel, mixed with air, and passed through a 
bubbler at a rate of 0.12-0.22 l/min. The contact time was 0.3-0.6 sec. The gas after bubbler was collected in a 
measuring cell and was studied using a Specord M 80 spectrophotometer. The table shows the absorption value 
measurements for the obtained solutions.  

Table. Data on N2O absorption values in the different aqueous solutions at 20-25 °С  
(V = 30 ml, h = 60 mm, d =  =  = 0.12-0.22 l/min).  
NN  
Aqueous solution Amount of N2O, mM Absorption 
 value of N2O, %  
initial final  
1 H2O 1.52 1.17 22.6  
2 cc. HNO3 1.52 1.41 7.4  
3 cc.HNO3 1.79 1.65 7.8  
4 7.2 M HNO3 1.47 1.46 0.9  
5 cc. NH4OH 1.61 1.46 8.9  
6 1.0 М NaOH 1.61 1.43 11.1  
7 1.0 M N2H4 2O 1.88 1.67 11.2  
8 0.5 M (NH2)2CO 1.70 1.51 11.1  
9 0.1 М KMnO4 1.61 1.54 3.9  
10 0.1 М KMnO4 + cc. H2SO4 2.05 2.05 0  
11 0.1 М KMnO4 + cc. HNO3 1.88 1.80 3.8  
12 0.2 M UO2(NO3)2 1.56 1.55 0.3  
13 0.1 М K2Cr2O7 1.79 1.74 2.8  
14 0.4 М K2Cr2O7 in cc. H2SO4 2.05 1.43 30.2  

Note: V is the volume of the aqueous solution; h is the height of the solution absorption layer; d is the bubbler 
diamet  

As follows from the table, the maximum N2O absorption value under the experimental conditions was observed for a 
saturated solution of K2Cr2O7 in concentrated H2SO4 (~30 %) and water (~22 %). For concentrated HNO3 and NH4OH, 
1.0 mol/l NaOH, 1.0 mol/l N2H4• nH2O, and 0.5 mol/l (NH2)2CO, the N2 - 

 %  %.  

These results will be used for the assessment of the N2O behavior in different stages of spent nuclear fuel recovery; 
however, an efficient purification of N2O should require the development of other methods. 
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REPROCESSING OF CARBIDE FUELS IN MOLTEN CHLORIDES 
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Innovative reprocessing methods of spent nuclear fuel are now under development worldwide in order to deliver 
reprocessing technology compatible with future reactor technologies and novel GEN-IV fuels, including carbide fuels 
proposed for gas cooled fast reactor (GFR). The main aim of this study, as a part of the ASGARD project (Advanced 
fuels for Generation IV reactors: Reprocessing and Dissolution) has been to investigate the feasibility and to explore 
pyrochemical and electrochemical methods for reprocessing of carbide fuels in molten chloride systems.  

The solubility, reactivity and the potential for thermal oxidation of silicone carbides (SiC, α-SiC, β-SiC) and TiC, 
which are considered as potential cladding materials for carbide fuels were investigated in three different high-
temperature molten chloride systems: CaCl2, CaCl2 + CaCO3 and CaCl2 + NaCl as a function of temperature, time of 
pyrochemical treatment and the relative content of CaO. The main analytical methods for the characterisation of the 
quenched melts applied in the current stage of the study are X-Ray diffraction (XRD) and thermogravimetric analysis 
(TGA). 
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The UK has a relatively high inventory of 99Tc in the wastes to manage. Under the planned cementitious Geological 
Disposal facility (GDF) conditions of high pH and low Eh most Tc should be immobile as amorphous technetium 
dioxide. Nevertheless, not much is known about the behaviour of this solid phase. The Loughborough University task 
within work-package 3 was to investigate the dissolution behaviour of amorphous Tc (IV) oxide containing the isotope 
Tc-99 as a function of various parameters, viz. pH (10.5, 12.5 and 13.3), ionic strength (I = 1 mol/L and I = 3 mol/L), 
and the age of the solid phase (1 day to 1 year).  

To this aim, fully-reduced, high purity 99TcO2(s) was produced electrochemically from ammonium pertechnetate. The 
ammonium pertechnetate solution was adjusted to pH 10.5, 12.5 or 13.3 and ionic strength 1.0 mol L-1 or 3.0 mol/L 
before reduction for 2 hours at 6 V in the presence of 0.01 mol/L sodium dithionite as a holding reductant. Five 
replicates of each system were set-up and kept in an anaerobic glove box for up to 12 months for sampling and 
counting by LSC.  

Results and Discussion  

Effect of ionic strength at pH 10.5  

The steady-state aqueous concentration of Tc changed from 12.8 ± 1.0 nmol/L to 17.0 ± 2.1 nmol/L as the ionic 
strength rose from 1.0 to 3.0 mol/L in the presence of NaCl as a background electrolyte. This change has been 
investigated using the ANOVA single factor test and is significant at the 99 % confidence level. Therefore, it can be 
said that the change in ionic strength has affected the steady-state aqueous concentration of Tc. Until a new set of 
experiments has been set-up it is not possible to determine is this is due to changes in the solid phase of chloride 
complexation or some other factor(s).  

Effect of ionic strength at pH 12.5 
The data show that there is no effect of changing the ionic strength from 1.0 mol/L to 3.0 mol/L at pH 12.5  

Effect of ionic strength at pH 13.3 
The measured aqueous concentration of Tc changed from 175 ± 33 nmol/L to 356 ± 59 nmol/L as the ionic strength 
rose from 1.0 to 3.0 mol/L. As the pH 13.3, I = 3.0 mol/L system has not reached steady state, no firm conclusion can 
be drawn except to say that it appears as though the same ionic-strength-effect as at pH 10.5 is being observed. Table 1 
summarises the final measured aqueous concentrations of Tc measured.  

pH Ionic Strength Steady state [Tc]  
(mol/L) (nmol/L)  
10.5 1 12.8 ± 1.0  
10.5 3 17.0 ± 2.1  
12.5 1 29.6 ± 3.1  
12.5 3 30.3 ± 2.7  
13.3 1 175 ± 33  
13.3 3 356 ± 59*  
Table 1: Steady-state supernatant concentration of 99Tc from pH 10.5 to 13.3 at ionic strengths of 1.0 and 3.0 mol/L, 5 
replicates of each, errors ± 1 s.d. *Not at steady-state after 12 months  

This work was funded under the auspices of the EC FP7 SKIN Project. The author would like to record his thanks for 
the funding. 
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In the reprocessing of spent nuclear fuel (SNF) during proposed to oxidize completely to 14CO2 with following release 
to the gas phase. Due to the probable dissolution of CO2 in nitric acid solutions 14C may partially remain in the liquid 
phase and transfer to the following SNF reprocessing operations. In this case contamination of technological media 
with 14C will lead eventually to severe long term impact on environment in the reprocessing plant region. There is no 
accessible data on solubility of carbon dioxide in nitric acid and nitrate salt solutions. The laboratory installation and 
appropriate method have been developed In order to determine CO2 solubility in nitric acid and metal nitrates. The 
obtained experimental data on CO2 solubility and the estimations on 14C capture with liquid phase are presented in the 
work. 
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MA(III) and Ln(III) have similar physicochemical properties, such as oxidation state, ionic radii, hydration, and 
complexation mode. Extractants containing soft sulfur or nitrogen atoms are preferred to recognize MA(III) over 
Ln(III). R-BTP, R-BTBP, and R-BTPhen ligands are the successful representatives for Ln(III)/MA(III) in the last 20 
years [1-2]. However, light actinides (U, Np, Pu) normally favor ligands (alkylamide or alkylphosphate) containing 
hard oxygen atoms [3]. If we make sure the selectivity for light actinides using hard-atoms ligands, the separation of 
MA(III) from Ln(III) is difficult to achieve. To separate all the actinides from lanthanides, the synthesis, solvent 
extraction, and complexation behaviors of actinides and lanthanides by a novel phenanthroline-based tetradentate 
ligand with combined hard-soft atoms, N,N’-diethyl-N,N’-ditolyl-2,9-diamide-1,10-phenanthroline (Et-Tol-DAPhen, 
1), are described in this work. The ligand exhibits excellent extraction ability and high selectivity of actinides over 
lanthanides from highly acidic solution. X-ray crystallographic structures of Et-Tol-DAPhen with thorium and uranyl 
ions are showed to be 1:1 complexation. The stability constants for some actinides and lanthanides complexes with Et-
Tol-DAPhen are also determined in methanol by UV-Vis spectrometry. The results of density functional theory (DFT) 
calculation reveal that the An-N bonds have more covalent characters than that of Eu-N, which may dominate the 
selectivity of Et-Tol-DAPhen towards actinides. This work can shed light on the design of new ligands with combined 
soft-hard atoms for group separation of actinides from highly acidic nuclear waste.  

[1] J. H. Lan, W. Q. Shi, Z. F. Chai , et al., Coord. Chem. Rev., 256, 1406 (2012).  
[2] C. Z. Wang, J. H. Lan, W. Q. Shi, et al., Inorg. Chem. 52, 196 (2013).  
[3]C.L. Xiao, C.Z. Wang, W. Q. Shi, et al., Inorg. Chem.2014, Submitted This work was supported by NSFC (Grants 
91026007, 21201166, and 21101157) and the "Strategic Priority Research Program" of the Chinese Academy of 
Sciences (Grant XDA030104). 
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Storage of radioactive wastes requires various protective barriers against leaking of the stored radionuclides: metal 
canisters (tanks), buffers made of adsorbent of metal ions, and often the surrounding rocks. On the other hand, 
humidity from the outside may penetrate the storage tanks. Various biopolymers and naturally occurring inorganic 
adsorbents were intensively examined as inexpensive and abundant materials able to slow down to a significant degree 
the velocity of migration of the radionuclides [e.g. 1,2]. 

 Commercial materials - Volclay MX80 bentonite, aluminum silicate clay formed from volcanic ash, and the mine red 
clay coming from the Palega clay pit in the vicinity of Kielce were used in presented study. All examinations were 
made in parallel: with normal adsorbent and with the irradiated material (dose of 100 kGy). The latter seems to be of 
interest because of its possible application as the engineered barrier in radioactive waste repositories. Powder X-ray 
diffraction studies revealed that the materials are of layered structure, both in natural and in the irradiated forms. A 
decrease in the distance between the layers occurs upon the irradiation.  

Water was collected in the Institute of Nuclear Chemistry and Technology (Warsaw). Post-decontamination liquids 
were simulated by dissolving citric acid in the water to obtain 1 M solution prior to the radionuclide addition. Sorption 
of americium(III) was studied as a function of contact time, initial pH of water and mass of the sorbent, respectively. 
An attempt to revitalize of the Am(III)-loaded sorbents was done by shaking the material at room temperature with 
different types of desorbing agents.  

Conclusions:  

The experiments proved that both the red clay and the bentonite can adsorb efficiently Am(III) ions from aqueous 
solutions. They can be used for removing of radionuclides potentially contaminating water from aqueous solutions and 
they have been found suitable to make barriers in the National Radioactive Waste Repository in Rozan (Poland).  

Studies were performed in frame of the Strategic Project Technologies Supporting Development of Safe Nuclear 
Power Engineering Domain 4 Development of spent nuclear fuel and radioactive waste management techniques and 
technologies.  

Bibliography  
[1]. Use of inorganic sorbents for treatment of liquid radioactive waste and backfill of underground repositories, 
Report IAEA-TECDOC-675, 1992, 183 p., ISSN 1011-4289  
[2]. Combined methods for liquid radioactive waste treatment. Final report of a coordinated research project 1997-
2001, Report IAEA-TECDOC-1336, 2003, 250 p, ISBN 92-0-100903-8; S. Wold, Sorption of prioritized elements on 
montmorillonite colloids and their potential to transport radionuclides, Report SKB-TR-10-20, 2010, 40 p, ISSN 1404-
0344 
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In many countries, high-level radioactive waste is planned to be disposed of in deep-lying crystalline rock. The role of 
the geosphere as a safety barrier is one of the most important issues in repository performance assessment. Repository 
safety evaluation today requires going from the laboratory and surface-based field work to the underground repository 
level. The diffusion and sorption of radionuclides have been studied extensively in the laboratory, but only a few long-
term in situ experiments have been carried out. In situ experiments are time consuming and cost intensive, and it is 
commonly accepted that laboratory scale tests are well-established approaches to characterizing the properties of 
geological media. In order to assess the relevance of laboratory experiments, the Swiss National Cooperative for 
Disposal of Radioactive Waste (Nagra) have been conducting extensive in situ experiments at the Grimsel Test Site 
(GTS) in order to study field scale radionuclide transport and retention. Two Long Term Diffusion (LTD) experiments 
have been performed since summer 2007. Amongst the elements used in these experiments is nonradioactive 
Selenium. It is used as an analog for the radiotoxic isotope Se-79, which is ubiquitous in nuclear waste.  

In the Radiochemistry Laboratory, University of Helsinki, two laboratory scale selenium diffusion experiments have 
been carried out to support one of the above mentioned long term in situ experiments. The selenium through diffusion 
experiments are conducted in two rock blocks; Kuru grey granite and Grimsel granodiorite. Changes of the selenium 
concentration in the inlet and observation holes are followed using ICP-MS technology. Experiments are conducted 
under oxic conditions. Parallel to the diffusion experiments, selenium sorption onto Grimsel granodiorite and Kuru 
grey granite was studied with batch experiments and geochemical modelling. Sorption was studied as a function of 
grain size, pH, Se concentration and pE. Apparent diffusion coefficients (Da) of selenium were determined using a 
Time-Domain Diffusion (TDD) modelling tool. Da and distribution coefficients (Kd), acquired from batch sorption 
experiments, were used to calculate the effective diffusion coefficients (De).  

Selenium Kd was higher in Kuru grey granite than in Grimsel granodiorite. Kd was also higher under anoxic 
conditions than under oxic conditions. Diffusion coefficients were higher for Grimsel granodiorite ( De = 3×10-12 m2/s) 
than for Kuru grey granite ( De = 2×10-13 m2/s ). Selenium probably occurred as selenium (IV) oxide in the Kuru rock 
matrix judging by the higher Kd and the slower diffusion observed in the Kuru grey granite. 
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TMSR (Thorium-based Molten Salt Reactor) is one of the “Strategic Priority Research Program” of Chinese Academy 
of Sciences[1]. It offers attractions as power producers because of fuel utilization and safety characteristics. The 
molten mixture of ThF4, UF4 and LiF-BeF2 was used as fluid fuel in this reactor.  

Now we are developing a totally new flow sheet for TMSR fuel cycle in which the pyrohydrolytic technology is 
included. This kind of technology was first introduced by Warf et al. in the 1950s[2], which convert insoluble halide 
salts into corresponding oxides under a high temperature. A new designed pyrohydrolysis equipment was used in this 
work. It consists of a muffle furnace, reaction tube, steam generator and gas collecting system.  

Experiments on the different fluoride salts, such as ThF4, UF4 and SrF3 et al, were carried out with this device. The 
structure of pyrohydrolysis products were studied by Fourier Transform Infrared (FT-IR) and x-ray diffraction (XRD).  

[1] Mianheng, J., Hongjie, X., Zhimin, D. (2012) Advanced Fission Energy Program-TMSR Nuclear Energy System. 
Bulletin of Chinese Academy of Sciences. 27(3): 366-374.  
[2] Warf, J.C., Cline, W.D., Tevebaugh, R.D. (1954) Pyrohydrolysis in determination of fluoride and other halides. 
Anal. Chem. 26(2): 342-346. 
  



CHEMISTRY OF NUCLEAR FUEL CYCLE - POSTERS 

 

396 

NFC-P16, (Id: 144) 
PRELIMINARY RESEARCH ON MONITORING URANIUM FLUORIDE VOLATILITY PROCESS BY 
FOURIER TRANSFORM INFRARED SPECTROSCOPY 

Lixin Sun, Yongsheng Niu, Qingnuan Li, Huanqi Zhang, Congwei Hu 
The division of Radio Chemistry and Technology of Shanghai Institute of Applied Physics, Chinese Academy of Sciences 
sunlixin@sinap.ac.cn  

 
Fluoride volatility method is regarded as a promising pyrochemical reprocessing technology, which might be used to 
reprocess spent fuels. How to monitor fluorination process on time and precisely is very important. Currently, the 
methods of monitoring fluorination in industry are mostly the weighting the product and sampling then off-line 
analysis. The former is poor in the precision, and the latter cannot reflect the current situation. In this research, the 
Fourier transform infrared spectroscopy (FTIR) was used to detect components and concentration of the outlet gas 
from UF4 and F2 gas-solid reaction reactor on-line at different time points. From the spectrums, the starting point, end 
point and reaction rate could be determined. The results showed that UF6 was detected 3min after the beginning of 
reaction; during the fluorination, the concentration of UF6 in outlet gas increased with time, then maintained at a 
certain concentration, finally decreased; and the rate constant of fluorination was 0.0027 min-1 at 300 °C and 0.2L/min 
5 %F2. In summary, FTIR might be used to monitor the uranium fluorination process with high precision and fast 
response. However the actual spent fuel is much more complicated compared to this experiment system. There are 
varied fission products, so that the products of fluorination might become more complex. More research will be carried 
out to determine whether FTIR can detect the process or not. 
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In 2011, Chinese Academy of Sciences (CAS), after discontinuing the research and development activity in nuclear 
energy for decades, started to implement Strategic Priority Research Program "Future Advanced Fission Nuclear 
Energy (FANE)". To perform this program, two sub-bases, the north and the south, were deployed in CAS. Shanghai 
Institute of applied physics (SINAP), as the south sub-base, is taking in charge of research and development of 
"Thorium-based Molten Salt Reactor Nuclear Energy System (TMSR)". According to this research plan, two kinds of 
molten salt nuclear reactors, i.e. 2MW pebble bed fluoride salt-cooled high temperature reactor with solid fuel (TMSR-
SF1) and 2MW molten salt reactor with liquid fuel (TMSR-LF1), will be designed and developed. Three fuel cycle 
models will also be implemented orderly, one-through fuel cycle on TMSR-SF, modified open fuel cycle on TMSR-SF 
and TMSR-LF, and closed fuel cycle on TMSR-LF. Compared with 239Np (half-life 2.35 days), an intermediate 
product in U-Pu fuel cycle, 233Pa, an intermediate product in the conversion of 232Th to fissionable 233U) has β decay 
with half-life 27 days that is almost an order of magnitude longer, which indicates that the equilibrium concentration of 
233Pa in reactor is almost ten times of that of 239Np. 233Pa has relatively high thermal neutron capture cross section, and 
neutron capture of 233Pa accumulating in reactor will reduce conversion ratio by consuming pioneer nuclide of 
fissionable 233U and reactivity of the reactor which negatively influents the formation of 233U indirectly. The operation 
of reactor at high efficiency and high breeding ratio requires the isolation of 233Pa and rare-earth frequently, even 
continuously, which is the key issue in design and operation of thorium molten salt reactor (TMSR). The frequent fuel 
processing is feasible for MSR, and just feasible for MSR. Compared with other G  reactors, the feasibility of on-line 
fuel processing is an unique merit for MSR. Therefore MSR is an optimal type to implement Th-U fuel cycle. 
Pyrochemical processing methods are judged to be the only technologies for the fuel of MSRs with integrated 
reprocessing technologies. Because the liquid fuel for MSR is a mixture of molten fluorides, the fuel processing and 
reprocessing technologies planned are pyrochemical or pyrometallurgical techniques, which are based on separation of 
233U and fission products in molten fluoride salt. Considering the special advantages of fluoride volatility and 
electrometallurgical techniques, a preliminary protocol based on closed fuel cycle has been proposed for the treatment 
of fuel from TMSR. The recycling techniques of fuels proposed in this protocol include fluoride volatilization, 
distillation of molten salt carriers, electrochemical deposition. The simple experimental devices for above techniques 
have been established, and the feasibility studies are ongoing in SINAP. 
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When evaluating Nuclear Waste DGR Safety [1] it is necessary to confirm its safety in a long run and above all its 
safety towards the biosphere, more precisely that the biosphere will not be in any hazard caused by radioactive 
substances. With the aid of geologists a model of a hypothetical area (the Melechov Massif) was elaborated and 
described with the use of geological (38 types of rocks possessing different hydraulic conductivity depending on the 
depth) and hydrogeological parameters [2]. The model covered the area of about 100 km2, the depth went up to 600m 
and it was mathematically meshed with 37 000 elements. The volume of isotopes released out of the massif at the 
borderline of the near/far field from the DGR was determined (according to the reference project - measurements of 40 
isotopes had to be carried out). For the most critical isotopes were considered C14, Cl36, Sr90, I129, Cs135 and 
Ra226.  

The paper results showed that ground water flow and transport of substances within the area were the first ones to be 
determined. The Flow123D SW [3] developed at the Technical University of Liberec was used for the determination. 
The SW allows flow and transport calculations in the 3D geometry (a feature that makes it different from the similar 
SW available at the market). The resulting outcome represents a determination of transported substances concentration 
(in particular elements within the area) depending on time and its “function” is shown graphically or in the map form. 
To model the transport it was necessary to do calculations of all isotopes particularly.  

The disadvantage of the model is the fact that all the input parameters were set deterministically [4]. The problem is 
being solved using the sensitivity analysis (changing the input parameters) or using the Monte Carlo Method [5].  

The sensitivity analysis changing the input parameters is based on the “defined change” of (given) input parameters, 
i.e. hydraulic conductivity of particular types of rocks or fissures, opening of fissures, porosity and sorption parameters 
of transported substances. A set of new functions has been reached and followed with transport calculations.  

The sensitivity analysis using the Monte Carlo method is based on defined changes of input parameters that are 
supposed to be stochastic ones. In this case it was necessary to know the expected (mean) value, variance and the type 
of the expected statistical distribution describing the given parameter.  

The major paper results are: (1) calculations of the radionuclide concentrations in the elements depending on time, (2) 
explanation of the (basic) principal of the sensitivity analysis applications in the particular model parameters and (3) 
determination of parameters that have the biggest impact on the sensitivity of the whole model. 
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In order to control Np path-way in plutonium purification process,the extraction behavior of Np(IV) and Np(V) were 
invastigated with experiment and numerical simulation.  

19 %-42 % Np can be extracted into organic phase in the co-extraction unit while using 1-3 mol/L nitric acid as 
scrubbing reagent, if Np(V) was added into feed solution,because of the oxidation of Np(V) to Np(VI) prompted by 
nitrous acid.Most of Np(V) is not oxidated timely at short residence time if using centrifugal contactor and leads Np 
goes into raffinate.On the contrary,above 90 % Np can be extracted into organic phase if Np(IV) was added into the 
feed solution.At this time,however Np(IV) is accumulated obviously at scruubing stage when the nitric acid 
concentration of scrubbing reagent is 1.5 mol/L. 
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A large amount of intermediate level waste (ILW) containing ammonium nitrate, as well as some chelating agents and 
precipitator, such as diethylene triamine pentaacetic acid (DTPA) is generated during spent nuclear fuel reprocessing 
which can not be included into vitrified HLW due to the presence of explosive components. ILW processing is 
proposed which includes ammonium nitrate significant decomposition using formalin during ILW evaporation with 
circulation of bottom product followed by autoclave treatment of the latter. The process was elaborated and tested with 
the use of the laboratory-scale automated rigs.  

Autoclave decomposition of organic sorbents by HNO3 [1] has been a base of the proposed procedure. The process of 
NH4NO3 decomposition in a batch mode with 30-50 % loading of auto-clave by volume with the stimulant containing 
2-6 mol/dm3 NH4NO3 and 2-6 mol/dm3 HNO3 is car-ried out for 5-6 h with an 98 % efficiency at 180-210 °C 
generating vapour and gas pressure of 4.0-8.0 MPa. The main gaseous products are CO2 and N2O. The process could 
be performed at other component concentrations, depending on the conditions of the other reprocessing stages, 
particular-ly ILW evaporation, mentioned above.  

DTPA degradation in autoclave is performed in 2 steps, the temperature of first and second stages are 130 °C and 
210 °C respectively. This approach allowed us to reduce the sharp increase in pressure in the process and completely 
decompose both DTPA and the intermediate products of its decomposition.  

The joint decomposition of NH4NO3 and DTPA in a two-step process has been also per-formed [2], indicating on 
decomposition of > 95 % NH4NO3 and > 98 % DTPA, respectively. How-ever, the working pressure during the 
process of joint ammonium nitrate and DTPA decomposition significantly exceed those of their individual 
decomposition and apparently is summed. The loading of the autoclave should be decreased to reduce the operating 
pressure in it.  

The preliminary NH4NO3 decomposition by formalin during the evaporation is expedient-ly carried out at high 
NH4NO3 accumulation in ILW for its processing. The volume reduction factor during the testing of ILW stimulant 
evaporation has been [2]. Destruction efficiency has amounted to 91-93 % at a molar consumption ratio 
CH2O:NH4NO3 = 2, while an amount of decomposed HNO3 has been threefold greater. These characteristics should be 
reduced to the level of the similar batch process [3], i.e. CH2O:NH4NO3 ≤ 1 without significant HNO3 decomposition.  

Verification of the flowsheet as a whole confirmed that the above process characteristics are sufficient for commercial 
implementation.  

[1] Bagerman M.R., Onufrienko C.V., et al. Patent RU № 2062517, Bul. 17 (1996).  
[2] Mishina N.E., Murzin A.A., et al. Patent application RU № 2013130551 (02.07.2013)  
[3] Bartenev S.A., Zilberman B.Ya., et al. Patent RU № 2329554. Bul. 20 (2008). 
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At the present moment the age of the most of near-surface waste storages is more than several decades and most of 
protective barriers have lost their original characteristics and are not able to provide necessary insulation. As a result, 
atmospheric precipitations penetrate into the storage and redistribution of radionuclides within the storage as well as 
their removal beyond the storage zone into the ground become possible. To evaluate the safety of the storage, first of 
all, it is necessary to determine the presence or absence of the storage tightness violation and, in case of need, try to 
evaluate its quantitatively and qualitatively. Examination of the storage facilities condition is effected by means of 
drilling of observation and research wells in the body of the storage and the ground of the nearby zone.  

The results of the statistical evaluation of the geochemical studies of the geological objects has determined that as a 
rule the normal concentration distribution is typical for rock forming distributed elements and the concentration of rare 
chemical elements which quarks are less than 0.05 % are distributed by lognormal. Also it was indentified that the 
nature of the statistical distributions of the components in the array is connected with the genesis of this geological 
formation. Normal distribution involves the exposure of a number of factors that are in addition relations, while the 
lognormal distribution causes their multiplicative interaction. The same patterns are observed in the study of the 
technogenic pollution arising under the influence of industrial facilities for relatively small period of time.  

For the near-surface RAW storage formation of a new geochemical solid field occurs under the conditions 
corresponding to the theoretical scheme of a lognormal distribution of radionuclides. It allows to conclude that there is 
connection between the intensity of migration and geochemical properties of the field, in particular, the statistical 
characteristics of the distribution of values of exposure rate.  

The closeness of the empirical distribution to the theoretical lognormal distribution the exposure dose rate (EDR) 
values indicates the degree of conversion of geochemical field of the RAW array and the development of radionuclide 
migration. With the development of migration the shape of the distribution is changing. That allows us to estimate the 
intensity and dynamics of migration. Correspondence of the empirical distribution to the theoretical one is determined 

storage. First of all we should mention uneven distribution of the values of EDR and different nature of variability for 
different parts of the storage facilities. Clearly pronounced anisotropy of the geochemical fields of the RAW array 
points to the predominance of the horizontal migration of radionuclides. According to the results of the calculation of 
the coefficients of the correlation between neighbouring wells within the same section and on different sides of the 
walls, areas of probable destruction of the intersectional partitions inside the storage and availability of migration flows 
have been identified. The conformity of the statistical distribution of EDR for these sites (approximately at the depth of 
2,0m) as well as the areas with a clear multimodal histogram which indicates the high heterogeneity of the studied 
complex has been determined. In these areas the RAW array has not been subject to the “smoothing” action of the 
migration and has kept the features of primary heterogeneity.  

The proposed method of statistical studies of the geochemical structure of the RAW array provide the unique 
possibility to obtain more complete data on the state of the array RAW and to evaluate the presence and intensity of 
migration processes in different parts of the storage that allows to examine the degree of preservation of the stru 
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The construction and operation of storages of the radioactive waste brings indignations in structure and properties of 
containing rocks of a near zone of object. Containing rocks get new hydro-geological and geochemical parameters. 
Change of geochemical conditions in a zone of accommodation of storages defines speed of migration of components 
in rocks and parameters of process of degradation of a design of engineering barriers.  

The degree of hazardous of radiating objects is defined by speed of development "technogenic" water horizon, size of 
water exchange, structure of an acting filtrate, quantity and forms of migrating substances, conditions of their 
migration and change of geochemical conditions in a zone of accommodation of storages of the radioactive waste 
Carrying out of researches on studying a geochemical condition of environment in a zone of accommodation is 
radioactive hazardous objects allows to analyze at early stages of development of processes a condition of constructive 
elements of a construction, development of processes of degradation of engineering barriers, migration and really to 
estimate ecological safety of similar constructions and operatively to spend the actions directed on increase of their 
reliability. Containing rocks of a near zone of object which should play a role of a hydro impenetrable barrier, as a 
result of building operations get the raised filtration properties. Increase of filtration properties of containing rocks of a 
near zone of storages of the radioactive waste will cause development of process of accumulation in broken rocks 
atmospheric precipitation. Researches have shown that for 20 years term of preservation of object the water level 
within the limits of broken rocks a near zone has raised on 5 m. Increase of a level of subsoil waters has occurred not 
in all territory of accommodation of object, but only in a near zone of a construction.  

Formation of a file broken rocks within the limits of a near zone of storage and accumulation in them of atmospheric 
precipitation is the precondition for change of geochemical conditions of environment in immediate proximity from a 
construction.  

Collecting in broken rocks atmospheric precipitation contain free oxygen and have neutral or poorly sour parameter рН 
(atmospheric precipitation can sometimes have size рН up to 4-4,5). Waters influence external constructive elements 
of storage, causing their hydration and chemical destruction.  

The structure of a filtrate of a near zone substantially depends on age and a degree of degradation of storage. In an 
initial stage from concrete chemically active elements (such as, Na+, K+, etc.), and finally - Са+2 are taken. Thus it is 
necessary to note, that shift рН environments in alkaline area in a near zone can be caused by process of chemical 
corrosion of a concrete design of storage or an output a solution from its volume. Therefore change of size рН 
environments of a near zone is reliable the indicator of process of destruction of designs of storage. 
  



CHEMISTRY OF NUCLEAR FUEL CYCLE - POSTERS 

 

403 

NFC-P24, (Id: 191) 
SORPTION OF RADIONUCLIDES IN THE ENVIRONMENT OF URANIUM HEXAFLUORIDE 
Oleg Gromov, Yury Torgunakov 
ollgromov@mail.ru  

 
Impurity 106RuF5, 237NpF6 and 99TcF6 in regenerated of uranium hexafluoride are the most radiation-hazardous 
impurity. For decrease in a dose of radiation it is expedient to carry out extraction of these elements from UF6 [1, 2]. 
Researches on catching of radionuclides from dividing streams raw and perfect of uranium hexafluoride are carried out 
on various fluoride adsorbents of I, II, III and VIII groups of the Mendeleyev's table at 25ºС and 115ºС. The maximum 
quantity 237NpF6 is absorbed on MgF2 and AlF3, 106RuF5 — AlF3, 99TcF6 — CaF2. At an increased temperature extent 
of extraction of some required impurity on sorbents, for example, 99TcF6 on CaF2, 237NpF6 on AlF3 rather sharply 
decreases [3]. The analysis of results shows that selective concentration of impurity from a gas stream of uranium 
hexafluoride needs to be carried out via the cascade of consistently located fluoride adsorbents in strictly certain order: 
FeF3 → LiF → CaF2 → AlF3 at a temperature of 25 – 40ºС. At such arrangement of sorbents on head FeF3 ruthenium 
will be occluded selectively (K(Ru/Σ) = 36 - 45), in a front layer of CaF2 catch TcF6 with small impurity of neptunium 
and ruthenium (K(Tc/Σ) = 4,4 — 8,2). For essential catching of neptunium and ruthenium before CaF2 lithium fluoride 
need to place. Residual amounts of radionuclides are absorbed on AlF3. The radiation background of pure UF6 will be 
defined generally 237Np.  

As a result of the analysis of the present data, some regularities on behavior of RuF5 is received. Taking into account 
all three types of periodic dependence of behavior of ruthenium pentafluoride in system of the considered fluorides, it 
is possible to assume that the most active adsorbent 106RuF5 in the environment of uranium hexafluoride will be BeF2.  

Literature:  
[1] "Chemical technology of the irradiated nuclear fuel" (Authors: B.V.Gromov, V.I.Saveleyeva, E.G.Rakov et al.) 
Under the editorship of V.B.Shevchenko, M.: Atomizdat, 1971, pp. 338, 346.  
[2] Patent RU No. 2068287 (1993).  
[3] E.F.Lednev, O.B.Gromov Sorption allocation of microamounts of radionuclides from uranium hexafluoride // In 
"First Russian conference on radiochemistry. Dubna, May 17-19, 1994. Thesis of reports". - M.: Publishing house of 
the Russian Academy of Sciences, 1994, p. 179. 
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Plutonium and minor actinides (MA = Np, Am, and Cm) are of particular concern with respect to long term radio 
toxicity, heat load issues and proliferation risks. One possibility to cope with this problem may be the transmutation of 
plutonium and minor actinides in subcritical accelerator-driven reactors (ADS). Fuels with high Pu and MA contents 
are preferred for transmutation. To increase the burn-up of transuranium elements (TRU) and to reduce the formation 
of new TRU a non-fissile, inert matrix is added to the fuel to improve the thermal properties. These so-called inert 
matrix fuels (IMF) [1-3] contain ceramic substrates or metallic matrices with high thermal conductivity, which are free 
of uranium and neutron transparent. The reprocessability of (Pu,MA)-oxide within a metallic 92Mo matrix (CERMET) 
is under investigation within the EU project ASGARD [4]. A major difficulty will be to optimize the dissolution 
process of the used fuel after ADS operation as a head-end step prior to partitioning by solvent extraction. Mo as an 
inert matrix poses additional challenges with respect to its REDOX-chemistry. Mo is soluble in nitric acid but is 
oxidized to MoO3 which then precipitates.[5] There is a need to avoid coprecipitation with Pu, thus leading to Pu 
losses.  

This work focuses on the dissolution kinetics of molybdenum as matrix material in nitric acid. Molybdenum pellets as 
well as Mo pellets containing different amounts of cerium dioxide (5, 10, 25, and 40 wt %), which serves as surrogate 
for plutonium dioxide, were produced. The pellets were compacted at 640 MPa and sintered at 1600 °C. The 
dissolution rate was investigated as a function of acid concentration and temperature.  

The dissolution rate of the Mo-pellets strongly depends on the acid concentration. Higher acid concentrations result in 
faster dissolution but also in more precipitation. An increase in temperature also results in a faster dissolution and 
larger amount of precipitation. Iron (III) is known to significantly increase the solubility of uranyl molybdate in nitric 
acid. Anion exchange resin studies indicate that a negatively charged iron-molybdenum complex ion is present in such 
solutions. [6,7] The addition of ferric nitrate to the acid increases the dissolution rate of Mo-pellets in 1M HNO3 due to 
complexation. The pellet can be completely dissolved in 1 mol/L HNO3 containing two equivalents Fe(lll). An increase 
of temperature results in faster dissolution kinetics, but at temperatures above room temperature precipitates occur 
even in the precence of iron.  
 

[1] Haas, D., et al., Energ Convers Manage, 2006. 47: p. 2724-2731.  
[2] Ouvrier, N. and H. Boussier, Procedia Chemistry, 2012. 7: p. 322-327.  
[3] Degueldre, C., J Alloy Comp, 2007. 444: p. 36-41.  
[4] http://asgardproject.eu/.  
[5] Schulz, W. W. et al., Ind Eng Chem Proc DD, 1962, 1, 156-160.  
[6] Ferris et al., ORNL-3068, 1961.  
[7] Schulz et al., HW-62086, 1959. 
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For the transmutation in accelerator-driven systems fuels with a high content of Pu and minor actinides (MA = Np, 
Am, and Cm) are favored. To increase the burn-up of transuranium elements (TRU) and to reduce the formation of 
new TRU inert matrix fuels (IMF)[1-3] are preferred. These are ceramic substrates or metallic matrices with high 
thermal conductivity, which are free of uranium and also have small cross sections for reactions with neutrons. 
Experimental work on the reprocessability of IMF is being performed within the EU project ASGARD[4]. (Pu,MA)-
Oxide within a metallic 92Mo matrix (CERMET) and (Pu,MA)-oxide within a ceramic MgO matrix (CERCER) are 
under investigation. The influence of the major amounts of matrix material on the reprocessing processes such as 
dissolution and different extraction steps needs to be investigated. A complete dissolution of the actinide oxide and the 
matrix material and the actinide oxide, or a selective dissolution, where the matrix remains undissolved, can be 
considered.  

MgO pellets as well as MgO pellets containing different amounts of CeO2 (5, 10, 25, and 40 wt %), which serves as 
surrogate for plutonium dioxide, were produced and characterized. Here, we present new experimental data on the 
dissolution kinetics of the matrix material in nitric acid as a head-end step prior to partitioning by solvent extraction. 
The dissolution rate was studied in macroscopic experiments as a function of acid concentration and volume, 
temperature, stirring velocity, and pellet density (85, 90, 96, and 99 %TD). MgO is soluble even under mild conditions 
(RT, 2.5 mol/L HNO3). The dissolution rates of MgO at different acid concentrations are rather similar, whereas the 
dissolution rate is strongly dependent on the temperature. Additionally, the dissolution process was investigated 
following a microscopic approach. Detailed SEM investigations show a heterogeneous reactivity of the MgO pellet’s 
surface. A model was developed to describe the evolution of the pellet surface area. The additional surface area of the 
pellets caused by the pores created during dissolution was estimated under the assumption that they are all cylindrical 
with a diameter equal to the height.[5] The obtained cylinder surfaces were summed up and related to the total 
geometrical surface area of the pellet. Considering the additional surface area obtained by estimation of the 
development of pores in the pellet surface resulted in a more or less constant dissolution rate of approximately 0.02 gs-
1m-2. Moreover, dissolution rates of the inert matrix fuel containing CeO2 as surrogate for the (Pu,MA)-oxide were 
determined as a function of the acid concentration and temperature. During the dissolution of MgO/CeO2 pellets the 
MgO dissolves completely, while the bulk of CeO2 (>99 %) remains undissolved.  

[1] Haas, D., et al., Energ Convers Manage, 2006. 47: p. 2724.  
[2] Ouvrier, N. and H. Boussier, Procedia Chemistry, 2012. 7: p. 322.  
[3] Degueldre, C., J Alloy Comp, 2007. 444: p. 36. 
[4] http://asgardproject.eu/.  
[5] Tocino, F., PhD thesis, Microstructural control of redox reactions at the solid/solution interface during the 
dissolution of uranium (IV) based mixed oxides. 
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Bentonite clay is proposed to be used as buffer material in final disposal of radioactive waste mainly because of its 
favorable swelling properties and significant sorption capacity for both cationic and anionic forms of many critical 
radionuclides present in spent fuel. The sorption properties of clay materials used to be described with two types of 
sorption sites: layer- and edge-sites. The layer-sites are characterized by their concentration and constants describing 
ion exchange on them, the edge-sites are characterized also by their concentration, further by two protonation 
constants.. These parameters, which knowledge will help for evaluation and modelling of interaction of radioactive 
contaminants with the clay surface, could be obtained by evaluation of acid-base titration curves. Our titration curves 
were obtained: (i) by semi-continual titration method on the assumption that the equilibrium is reached when the 
change of electrochemical potential, or pH, in given time-interval (between two sequential additions of titrant solution) 
is less than 2 mV between the readings after 5 and 10 minutes, (ii) by batch method. The semi-continual method was 
carried out by automatic titrator TIM 845 and as for the batch method, the influence of contact time (1 to 3 weeks) on 
the consumption of titrant was studied. In this case, the consumptions of titrant could be influenced by dissolution of 
the clay material, and therefore, this effect was checked up by back titrations.  

Our experiments were carried out in suspension of bentonite in 0.1 M NaNO3 with the initial phase ratio 
V/m = 250 ml/g. For example, the pretreated bentonite B75, characterized by the producer as a non-activated, was 
titrated with 0.1M HNO3 and 0.1M NaOH. The pretreatment of bentonite was done mainly with the aim to eliminate 
the influence of carbonates on the consumption of titrants. For evaluation of titration curves we develop an original 
method based on the combination of codes UCODE_2005 and PHREEQCv3. The debugging of this new evaluation 
method was facilitated by comparison with former approach based on a code prepared in the FAMULUS environment. 
On the basis of discussion of experimental and calculated data, the recommendations, comprising the optimal 
experimental conditions for characterization of clay materials by acid-base titration, were formulated.  

Dependences of total sorption capacity of bentonites B75, S65 and montmorillonite SAz-1 on pH were compared with 
values of cation-exchange capacity (CEC) obtained using standardized Cu-triethylenetetramine method. Generally, the 
CEC corresponds to the summation of two types of charges arising from: (i) isomorphous substitution of cations in the 
clay crystal structure (permanent charge of layer-sites), (ii) coordination of the cations at the edges of silicate layers 
(pH-dependent charge of edge-sites). In case of smectites, the pH-dependent charge varies between 10 and 20 % of the 
total charge. 
  



CHEMISTRY OF NUCLEAR FUEL CYCLE - POSTERS 

 

407 

NFC-P28, (Id: 216) 
STEADY-STATE MODEL OF CARBON DIOXIDE ABSORPTION AS A PART OF MATHEMATHICAL 
DESCRIPTION OF ON-SITE NUCLEAR FUEL CYCLE 

Vladimir Tkachenko, Vladimir Kashcheev, Oleg Ustinov, Sergey Yakunin 
Bochvar Institute (VNIINM) 
vl.a.tkachenko@yandex.ru  

 
Nuclear fuel cycle (NFC) closure is significant objective for contemporary energetics. One of the perspective ways at 
this direction is closed NFC based on fast neutron reactors using nitride fuel. One of the problems of irradiated nitride 
fuel (INF) reprocessing is radioactive carbon-14 handling. Unlike oxide fuel nitride fuel will contain nitrogen-14, 
which partially will transform to carbon-14 during irradiation. Since INF dissolution operation is carried out in 
oxidative media, carbon-14 in the carbon dioxide form will enter gas purification system. Hence, gas stream should be 
cleaned up from carbon dioxide. The simplest way for capturing carbon dioxide is absorption by alkali solution in 
packed absorber.  

The paper presents the mathematical model for simulation of carbon dioxide absorption by alkali solution in packed 
absorber. The model presented is designed for estimation of influence of different process parameters (i.e. temperature, 
pressure) on efficiency of carbon dioxide capture and absorber dimensions. At the same time model provides ability to 
perform balance calculation of absorbent regeneration. Optimization calculation and consideration of absorbent 
regeneration are the objective for model future development.  

Scheme of absorption process, algorithm and results of calculation that can be used for calculation of dimensions of 
apparatus, process optimization and technical-economical estimation are provided in this paper. 
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Iodine-129 being long-lived volatile fission product, among with cesium-135 and technitium-99, represents a challenge 
for the design of repository-suited matrices [1]. The present study investigates a possibility of iodine incorporation in 
the forms of iodide and iodate into apatite and layered double hydroxide matrices. The matrice should meet certain 
requirements, i.e. being cheap, safe, easy to synthesize, stable and environmental friendly. Optimization of 
coprecipitation method for synthesis of iodine containing apatite and layered double hydroxide has been done. It was 
shown that iodide practically does not incorporate in case of apatite and that incorporation is lower in comparison to 
iodate in case of layered double hydroxide. However, apatite incorporates ca. 5 - 7 % of iodate. Obtained matrices are 
strucutrally characterized by XRD and EXAFS methods. EXAFS shows that the iodate-apatite obtained via 
coprecipitation has different structural iodine environment in comparison to apatite with adsorbed iodate. 
Thermogravometric analysis of the iodate-apatite showed the release of iodine at t > 550ºC.  

[1] Watanabe et al. (2009) Appl. Mater. Interf. 1, 1579 – 1584. 
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The concept of radioactive waste management of IAEA and State Corporation "Rosatom" is based on the principle of 
multilevel environmental protection, according to which the isolation of the waste will be provided by the system of 
engineering and natural barriers including inert matrix, sealed container, buffer (filler) and geological formation. The 
main objective of the first barrier is the containment of radionuclides in the solid phase, which prevents their transition 
into the environment.  

The task was to develop a process of obtaining mineral like matrices (MLM) saturated by the highly active waste 
(HLW) imitators from nitric acid solutions. Ways to accomplish the task were: high-temperature saturation of the 
sorbents and their subsequent conversion to MLM.  

Commercial sorbents “Termoxide-5”, “Termoxide-3” and active alumina were used as starting materials after a two-
stage heat treatment. It has been established that the maximum saturation is reached when using the sorbent 
“Termoxide-5”. For the conversion of saturated and calcined sorbents to mineral like matrix the method of induction 
melting in a cold crucible on a hot support was used. The MLM samples of 200 g each without adding of the alloying 
components, as well as with additives of iron or/and manganese oxides were obtained and analyzed. The following 
techniques: X-ray phase analysis, scanning electron microscopy and X-ray fluorescence analysis were used to study 
the resulting materials. The estimated rate of the rare-earth elements leaching from samples of MLM does not exceed 
10-7 g/cm2 per day. It should be noted that the conversion of saturated sorbents in mineral like matrix by the method of 
induction melting in a cold crucible on a hot support has several advantages compared to pressing and sintering 
operations: higher productivity , the ability to organize the process in a continuous mode; less stringent requirements 
for the quality of the batch; reaching temperatures of 3000 °C or more, virtually eliminates restrictions on the choice of 
the MLM compositions; more stable composition and quality of the end product due to steady state that is provided by 
the required time of exposure in the molten state. 
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The vast majority of the known program complexes applied in simulation modeling uses this or that kind of language 
of very high level which allows to set computer procedures specific for the model without writing special program 
module for each kind of the systems of ordinary differential equations (SODE). Software for the solution of direct and 
reverse problems of chemical kinetics is no exception.  

The authors are sure interface language most closely resembling to the notation accepted in chemistry to describe the 
mechanism of stepwise reactions corresponds to such tasks most accurately. Formation of the right parts of SODE on 
the assumption of the mass action law provides their accordance with Lipschitz's criterion and also gives a chance to 
calculate Jacobian determinants explicit that reduces operating time of the integrating units with implicit schemes by 
times and orders. The available operation algorithm of entry interface contains the main blocks:  

1) All substances, including intermediate, are given in the form of the identification list in the convenient notation. The 
declaration of all significant substances makes it possible to avoid casual mistakes at the earliest stage and guarantees 
against appearance of "twins".  

2) Initial concentrations of substances are determined as well. Default zero concentration are substituted for the final 
products of reaction and active intermediates. In the overwhelming majority of cases in most cases "in manual mode" 
nonzero concentrations of two or three initial substances are assigned.  

3) The overall scheme or the mechanism of reagents interaction is formed in the standard for chemical kinetics 
notation. The choice of participants in the scheme is made strictly according to the identification list declared in item 1. 
Natural and obligatory restriction is that total number of involved particles can't exceed three neither among reagents, 
nor among products of the elementary act of interaction that follows from requirements of formal kinetics.  

4) All introduced reactions have default zero specific reaction rate. Before the calculation it is necessary to insert 
reference or guess values. It’s never too late to remove reactions with zero rates, however in some cases it’s not 
unreasonable to reserve them in order to complicate and correct the model in future.  

Examples of solution of "non-chemical" models using formal chemical and kinetic language are given. 
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The formation and stability of clay colloids from the engineered barrier system of deep geological repository for 
radioactive waste may have a direct impact on safety in two aspects: firstly, generation of colloids may degrade the 
engineered barrier and colloid transport of radionuclides may reduce the efficiency of the natural barrier.  

The presented work is focused on the study of the effects of bentonite colloids on strontium 85Sr transport through 
crushed granitic rock. The main aim of experiments was to compare strontium and bentonite colloids behavior passing 
through crushed granite and quantification the effect of bentonite colloids on strontium retardation. The strontium 
migration was investigated under dynamic conditions in column set-up which provides an approximation to real 
conditions, existing in the environment. Firstly, we studied the transport behavior of strontium through crushed granite 
without presence of clay colloids. Then we performed column experiment with colloid suspension without presence of 
radioactive tracer. Finally, we conducted column experiment with prepared suspension of bentonite colloids with 
sorbed strontium. The values of transport parameters such as the sorption and desorption retardation coefficients (R) or 
sorption and desorption distribution coefficients (Kd) were calculated from experimental breakthrough curves.  

The transport experiments were carried out with 10-6 mol/l solution of SrCl2 spiked by 85Sr in deionized water. The 
carrier concentration, initial activity of aqueous phase (about 0,7 kBq/cm3 of 85Sr) and flow rate were constant during 
the experiments. The crushed granitic rock from Melechov massive (Czech Republic) was used as a solid phase, the 
grain size of granite was 0,125 – 0,63 mm. The purified bentonite B75 (commercial product, Keramost, a. s.) in Na+ 

form was used for colloids preparation. Stable suspension of purified bentonite B75 and distilled water was prepared 
with concentration 100 mg/ml and clay particles volume mean diameter 396 nm.  

The experimental suspension of radiocolloids was prepared by mixing SrCl2 solution radiolabelled by 85Sr and 
bentonite colloids solution. The contact time between strontium and the colloids before column experiments was five 
days. The percentage of initially adsorbed strontium 85Sr onto bentonite colloids was approximately 90 %. The results 
showed completely different behaviour of strontium and colloids particles during transport through crushed granite. 
Regardless of the strontium presence in colloids suspension, the colloids particles passed through column without 
retardation and behaved as conservative non-sorbing tracer. On the other hand, the retention of strontium on granite 
was observed, which suggest higher affinity of strontium towards granitic rock than towards bentonite colloids and 
showed the reversibility of the sorption of strontium on bentonite colloids.  

Acknowledgment:  
The research leading to these results has received funding from the European Atomic Energy Community’s Seventh 
Framework Programme (FP7/2007-2011) under grant agreement 295487 – project BELBaR and from SÚRAO (CZ). 

References:  
Videnská, K., Palágyi, Š., Štamberg, K., Vodičková, H., Havlová, V. (2013) Effect of grain size on the sorption and 
desorption of SeO42- and SeO32- in columns of crushed granite and fracture infill from granitic water under dynamic 
conditions. Journal of Radioanalytical and Nuclear Chemistry, 298, 547-554.  
Štamberg, K., Palágyi, Š., Videnská, K., Havlová, V. (2014) Interaction of 3H+ (as HTO) and 36Cl- (as Na36Cl) with 
crushed granite and corresponding fracture infill material investigated in column experiments. Journal of 
Radioanalytical and Nuclear Chemistry, DOI: 10.1007/s10967-013-2870-7. 
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Equilibrium electrochemical behavior of (U, Pu)N in LiCl–KCl eutectic melts is of great significance for computer 
modeling of high-temperature electrochemical reprocessing of fast reactors with nitride fuel and lead coolant (BREST) 
fuel [1]. We have carried out thermodynamic modeling of pyrochemical reprocessing of (U, Pu)N in LiCl-KCl eutectic 
melt by using software codes and databases HSC 7.1, OUTOTEC together with our own estimates of thermodynamic 
data. To estimate the thermodynamic characteristics of U, Pu, Am, as well as of numerous chemical analogs of fission 
products and to harmonize the latter with the databases in HSC 7.1, we used the well-known comparative 
physicochemical methods. In this work, we coupled comparative approach with system analysis of chemical properties 
of considered chemical elements. This allowed us to estimate also the thermodynamic functions for such hypothetical 
crystalline compounds as UCl2 and PuCl2. The Gibbs free energy of formation of these chlorides in standard conditions 
is estimated to be (-1196+/-15) and (-1129+/-15) kJ/mole respectively. By comparing the Gibbs free energies for 
lanthanides, actinides and transition element chlorides with the known conditional equilibrium electrochemical 
potentials (E*, V, vs. Cl02/Cl-) of the same compounds in LiCl-KCl eutectic melts at 772 K [2], we have estimated E* 
for the hypothetical M2+/M0 in chloride melt M = U, Pu to be -4.70 and -4.40 v respectively. The reliability and 
precision of the estimates for UCl2 and PuCl2, as well as the impossibility to detect these species in the chloride melts 
are discussed in the presentation.  

This work was supported by RFNC-VNIITF.  

Reference  
[1]. White Book of Nuclear Power. General editing by Prof. E.O. Adamov, Moscow, NIKIET (2001). 
[2]. O.V. Skiba, V.A. Kiskii, Yu.P. Savochkin, S.K. Vavilov. Pyroelectrochemical processes in fuel cycle in fast 
reactors. Dimitrovgrad, NIIAR, 2012. 314 p. (in Russian). 
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The public acceptance of the nuclear energy depends on many aspects, such as safety, environmental impact and 
sustainability. In this direction, the Partitioning and Transmutation strategy is crucial for an optimal resources 
utilization and a preferable radioactive waste management. The removal of Minor Actinides from Spent Nuclear Fuel 
and their transmutation into short-lived or stable isotopes would reduce the long-term radiotoxicity and the isolation 
time enabling a safer storage of the remaining waste in dedicated repository. In order to perform an effective burning 
of Actinides, it is necessary to separate them from the rest of the elements present in the spent fuel, in particular from 
Lanthanides. In the last decades several hydrometallurgical processes based on liquid-liquid extraction have been 
proposed for this challenging task, even though the radiolytic degradation of the phases, mainly due to alpha-emitters 
present in the process streams, still needs to be completely understood. It is known from literature that most of the 
radiation damage falls on the diluent and, only indirectly, on the ligands. Therefore, it is paramount to study the effects 
of radiolysis on the diluents, in order to evaluate the changes of both the separation performances and the fluid 
dynamical properties of the extracting system, as well as to hypothesize the radiolytic degradation paths of the ligands.  

The experimental work here presented aims to study the effects of radiation on some physico-chemical properties of 
capital interest for the application within the newest and promising i-SANEX (innovative Selective ActiNides 
EXtraction) and GANEX (Grouped ActiNides EXtraction) processes, where the selective An separation is performed 
by hydrophilic extractants in acidic aqueous solutions. Therefore, 0.25 - 1M HNO3 solutions were prepared, stored in 
sealed glass vials, kept at 4 °C in the dark and irradiated at total absorbed doses ranging from 25 to 200 kGy using a 
60Co source with a dose rate of 2.5 kGy/h. The dose rate and the total absorbed doses considered are consistent with the 
annual use of the solvent in the reprocessing of spent LWR/FR fuels. Density, viscosity and acidity of the solutions 
were measured before and after irradiation. The preliminary results suggest that the macroscopic physico-chemical 
properties of the irradiated solutions do not show relevant modifications with increasing the total absorbed dose in the 
range considered. Thus, no significant modifications in the fluid dynamical behaviour of the extracting systems are 
expected. This result is very encouraging from the viewpoint of the industrial-scale development. Furthermore, 
irradiated solutions were analysed by UV-vis spectrophotometry to assess variations of the nitrate anion concentration 
and by RAMAN spectroscopy to identify changes in the spectra possibly related to the radiation-induced degradation 
at molecular level.  

In conclusion, because of the lack of knowledge concerning the effects of radiation on physico-chemical properties of 
diluted HNO3 solutions, the experimental work presented would contribute to provide physico-chemical data not well-
known but necessary for the safe and reliable development of the advanced separative processes. 
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Selective stripping of plutonium from the organic phase is the common way for separation of plutonium from uranium 
in the first cycle of PUREX-process. The goal of process is conversion of plutonium (IV) to not extractable by TBP 
plutonium (III). Iron (II) or uranium (IV), with hydrazine as stabilizer, are typically used as reductive agents. In this 
case stabilizer is responsible for stability of reducing forms of metals, preventing oxidation of one’s by nitrous acid. 
Drawback of hydrazine as reducing agent is the possibility of obtaining of ammonium nitrate and hydrazoic acid as 
destruction products. In spite of many studied alternatives, most of industrial flowsheets of spent nuclear fuel 
processing are based on hydrazine nitrate use in plutonium stripping process. Use of salt-free reactants for reducing of 
secondary radioactive wastes volume is the main trend in the development of new flowsheets for SNF processing.  

Reducing stripping as well as complexing stripping agents may be used for plutonium affinage. Key requirements are 
salt-free compounds and possibility of plutonium concentration in process.  

Many classes of organic compounds – such as hydrazine derivatives, for example, ethanolhydrazine etc., hydroxamic 
acids, carbohydrazide, diglycolic acid monoamides etc., were proposed and studied as potential salt-free chelating and 
reducing agents for plutonium stripping.  

The goal of proposed work is the review of varied methods of plutonium stripping from the technological point of 
view. Advantages and drawbacks of studied chelating and reducing agents are discussed as well. 
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The family of phosphates with a general formula A(I)B(II)PO4 (A(I) − monovalent metal; B(II) − divalent metal with 
a tetrahedral coordination) includes the groups of compounds with different structure types: β-tridymite, arcanite, 
glaserite, maricite, olivine. The compounds of this family have been studied because of their ferroelectric, 
electrochemical and luminescent properties, catalytic activity. Interest in β-tridymite structure phosphates, containing 
cesium in a high concentration and possessing thermal, chemical and radiation stability, are conditioned by an 
opportunity to use them as ceramic for 137Cs γ-radiation sources for commercial and medical applications. Data on 
thermodynamic properties of β-tridymite type phosphates are limited by compounds CsZnPO4, CsMgPO4. It is known, 
that some species of liquid radioactive wastes contain high concentrations of stable isotopes (sodium, nickel, iron, 
chromium) and radionuclide cesium 137Cs. Investigations of hydrolytic stability of single-phase CsMgPO4 ceramic, 
which was obtained by “hot” and “cold” pressure and spark plasma sintering method, were shown that these objects 
can be used as matrix for storage of cesium containing radioactive nuclear wastes. In this work we have studied phase 
formation regularities and thermophysical properties of phosphates system CsMPO4 (M = Co, Mn), Cs1-xNaxNiPO4 
(0 ≤ x ≤ 1).  

The samples were synthesized by the co-precipitation method. The aqueous solution of phosphoric acid taken in 
accordance with the stoichiometry sample was added to stoichiometric mixture of metal nitrate or chloride solutions. 
The reaction mixture was dried at 353 K and thermally treated at 873 and 973 K. All the thermal treatment stages were 
alternated with grinding. X-ray powder diffraction measurements indicated that limited solid solutions in Cs1-
xNaxNiPO4 system of the tridymite and maricite structural types were obtained.  

The samples of CsMnPO4 and CsCoPO4 were crystallized at ambient temperature in tridymite structural type. The 
samples were investigated by DTA method over the temperature range 298−1273 K. Thermal decomposition of 
NaNiPO4 (x = 1) was researched.  

Crystal structure of CsNiPO4 and NaNiPO4 were refined by Rietveld method at 298 K. CsNiPO4 crystal structure is 
characterized by three-dimensional framework, which is formed six-membered rings of tetrahedra NiO4 and PO4, 
linked by common vertices, and by large cavities that are occupied by Cs cations. NaNiPO4 crystal structure consists of 
edge-sharing chains of NiO6 octahedra running parallel to the b axis, which are crossconnected by the PO4 tetrahedra, 
giving rise to large ten-coordinate cavities in which the Na ions are located.  

The heat capacity measurements of CsMnPO4 and CsCoPO4 crystalline phosphates were performed over the 
temperature range 5−650 K. The temperature dependence of the heat capacity of crystalline CsMnPO4 showed that for 
the phosphate two phase transitions were found at 6.86 К and 126.99 K. The temperature dependence of the heat 
capacity of crystalline CsCoPO4 showed that for the phosphate three phase transitions were found at 311, 481 and 512 
K. For the studied compounds the characteristics of phase transitions and the thermodynamic functions over the 
temperature range from T (0 to 650) K and standard entropy of formation at 298.15 K were calculated.  

The thermal expansion behavior of CsMPO4 (M = Ni, Co, Mn) and NaNiPO4 was studied by high-temperature X-ray 
powder diffraction at the temperature range 298−973 K. The samples expand anisotropically and belong to high-
thermal expansion materials. The prepared ceramics showed a volume thermal expansion coefficient of 
(3÷7) • 10−5 K−1. The high specific content of the cesium in β-tridymite structure some phosphates in combination with 
thermal and hydrolytic stability account for the prospects for their using as safe ceramic materials for cesium γ-
radiation sources. This work was made using equipment Shimadzu Corp. 
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The intermetallic compounds (IMC) of uranium and plutonium with Ru-subgroup metals are expected to be as a 
principal chemical state of Ru, Rh and Pd in spent (U,Pu)N fuel (SNF) of fast breeder reactors. Their effective 
dissolution is required for quantitative recycling of fissile materials during the fuel reprocessing.  

The corrosion and dissolution of IMC UPd3 and URu3 in 0.5 to 6 M HNO3 electrolytes were studied using linear 
voltammetry (LV) and current controlled electrolysis (CCE). Corrosion potentials (Ecorr) and corrosion rates (vcorr) 
of UPd3, determined from Tafel plots, were found to increase from 0.22 to 0.699 V / Ag/AgCl and from 0.07 to 1.2.104 

-2H-1 correspondingly with the increase of HNO3 concentration from 0.5 to 6 M. The changes in Ecorr and vcorr 
for URu3 had the same trend and increased from 0.314 to 0.702 V / Ag/AgCl and from 90 to 4.3.103 -2H-1. 
Transpassivation potentials (Etr) of UPd3 and URu3 were found to increase slightly from 0.45 V to 0.55 V / Ag/AgCl 
and from 1.12 to 1.2 V / Ag/AgCl correspondingly with the increase of HNO3 concentration from 0.5 to 6 M. The data 
of LV measurements indicate that UPd3 may be dissolved in 6 M HNO3 with the significant rate without application of 
external oxidation potential. The dissolution rate of UPd3 obtained using quantitative determination of U(VI) and 
Pd(II) in the electrolyte increased from 2.16 to 45 mg.cm-2H-1 with the growth of HNO3 concentration from 4 to 8 M. 
At the same time URu3 dissolution with significant rates required the electrochemical techniques, for instance, the 
CCE.  

The rate of URu3 anodic dissolution in CCE conditions was practically independent on the HNO3 concentration in the 
electrolyte but increased significantly with the increase of anodic current density. At current densities below 
12.5 mA.cm–2 (E = 1500 ± 40 mV / Ag/AgCl) the dissolution was slow and the accumulation of soluble U(VI) and 
Ru(IV) in the electrolyte was found to increase linearly in time. At greater anodic current densities the IMC dissolution 
was accompanied by the accumulation of a thick black film, apparently RuO2, at the electrode surface and 
corresponding slowing down the uranium leaching rate. At current densities 100 – 180 mA cm-2 the part of Ru was 
oxidized with formation of the soluble species of Ru(IV) and Ru(VIII), confirmed by the measurements of UV-VIS 
spectra of the electrolyte. The part of Ru was found to be removed from the solution in a form of volatile RuO4. The 
material balance of URu3 dissolution in course of CCE in 6М HNO3 at 180 mA cm-2 allowed to estimate the rate of 
U(VI) leaching as 34.6 mg cm-2 H-1. The calculation of Ru content in the electrolyte based on the UV-VIS 
spectrophotometry shown that only 62±2 % of the metal were found in the solution, while the rest metal was 
distributed between gaseous stream and the solid film, covering the electrode surface.  

The results of the presented research indicate that the retention of U and Pu in the insoluble residues of SNF 
dissolution could be determined by the Ru content in the IMC formed during fuel burn-up. To increase the rate of the 
IMC dissolution the electrochemical technique is proposed. 
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The advantage of electrochemical dissolution of metal or alloy spent nuclear fuel (SNF) consists in the alloy surface 
oxidation by application of external oxidation potential without adding the chemicals complicating following recovery 
of fissile materials during SNF reprocessing. The present work deals with the study of electrochemical properties and 
dissolution of U – 5 mass. % Zr alloy simulating U – Zr alloy based SNF and the possible cladding materials, including 
steel 316 and zircalloy.  

The principle dissolution characteristics of U – 5 mass. % Zr alloy in 0.5 – 6 M HNO3 were determined using linear 
voltammetry technique. The corrosion potential (Ecorr) value of U – 5 mass. % Zr alloy electrode was found to 
increase with growth of HNO3 concentration. Its value is expected to be determined by the formation of the passive 
film containing U(IV) and Zr(IV) hydroxides at the electrode surface and by the cathodic reduction of HNO3. The 
overvoltage of the latter reaction at U – 5 mass. % Zr in 0,5 – 6,0 M HNO3 was found to be high. The increase of 
HNO2 yield due to the reduction of NO3

- ions with the increase of HNO3 concentration in the electrolyte results in the 
increase of alloy dissolution rate in absence of applied oxidation potential in the solutions containing more than 4 M 
HNO3. At the potentials, exceeding 450 mV / Ag/AgCl (Etr), U – 5 mass. % Zr passed to the transpassive state. The 
data of potential controlled electrolysis (PCE) shown that at the potentials close to Еtr and fixed HNO3 concentration 
the increase of the electrode potential increased the alloy dissolution rate. The systematic study of U – 5 mass. % Zr 
alloy electrochemical dissolution during current controlled electrolysis in HNO3 electrolytes revealed that the rate of 
anodic dissolution of this alloy reached 44 mg.cm-2.H-1 and slightly dependent on HNO3 concentration in electrolyte. It 
was demonstrated, that maximum yields of soluble U(VI) during electrochemical dissolution were achieved in 2 M 
HNO3 and current density less than 100 mA.cm-2. Formation of a precipitate consisting of crystalline ZrO2 and X-ray 
amorphous U compounds at the anode surface accompanied the process of U- 5 wt. % Zr alloy dissolution, causing the 
decrease of the dissolution current efficiency form 7,2 to 8,6 F/mol with the increase of anodic current density.  

The process of electrochemical dissolution of claddings, consisting of stainless steel and zircalloy were studied in 
conditions of current controlled electrolysis. The rate of stainless steel electrochemical dissolution in 2-8 mol/l HNO3 
increased from 12±1 to 98±4 mg.cm-2.H-1 with the increase of current density from 23 to 160 mA.cm-2. Current 
efficiency of a process was found to vary from 90 to 98 %. It was shown that the dissolution parameters had not 
depend on HNO3 concentration. Rise of the electrolyte temperature to 80 °C was found to be necessary for the 
electrochemical destruction of Zr-1wt. % Nb claddings. The rate of anodic dissolution of latter alloy reached 44 
mg.cm-2.H-1 and was slightly dependent on HNO3 concentration in electrolyte. 
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Promising technology of recycling spent nuclear fuel suggests dissolving it in melts chlorides of alkali elements, with 
extraction of valuable components (U, Pu, minor actinide, etc.) and the transferring of radioactive waste into insoluble 
compounds. Such technology is anhydrous, therefore, it is more advantageous environmentally compared to aqueous 
processes. Chloride melts are resistant to radiation and can be easily cleaned from impurities. At the same time 
relatively high working temperatures melts allow to concentrate and to transfer of radionuclides into stable chemical 
forms directly in the melt. In turn, the search of sustainable radioactive waste both in aqueous systems and in the melts 
chemical forms for consolidation is one of the main tasks of radiochemical science. Mineral-like compounds may be 
regarded as such forms. Among there are compounds with the structure of the mineral scheelite (CaWO4), which are 
studied as forms of binding such fission products as alkaline earth elements (Sr, Ba) in some alkali chloride melts. In 
the present work, in order to develop technology concentration of strontium and barium, and their extraction from the 
molten LiCl-KCl, the purpose was to explore 1) the possibility of formation of strontium and barium tungstates 
(scheelite structure) due to the reactions in the melt, 2) stability of such phases in the melt and 3) kinetics of dissolving 
the formed precipitates at T = 450, 500, 600 °C. Samples were obtained by us using the precipitating processes in 
aqueous systems and characterized by X-ray diffraction (XRD).  

XRD data of precipitates, which were formed in melts , confirm the formation of strontium and barium tungstates ( 
tetragonal crystal system, s. g. I41/a). It was established that the alkaline earth element transition into the solid phase is 
~ 98 - 99 % (at T = 600 °C).  

Tungstates of calcium, strontium and barium remain stable in contact with melt LiCl-KCl to T = 600 °C (test time to 
10 hours).  

Based on the kinetics data were calculated solubility values tungstates at T = 450, 500 and 600 °C. It is established that 
an increase in temperature increases the solubility of 1.5 - 2 times.  

Comparative analysis of solubility allows to do the prediction about the extraction of Sr and Ba in sorption processes 
(in addition to data on precipitation technology). 
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For the safety assessment of the deep geological repository it is necessary to define scenarios of possible repositories 
development in order to evaluate all possible variants of its development. The present work is devoted to influence of 
the scenarios defined by the model geometry and model parameters on the development of the main safety indicator, 
which embedded in the Czech legislation . The main safety indicator is the optimization level. The influence of a 
hydraulic and migration parameter set, based on repositories barrier and surrounding geological environment 
parameters, the influence of the fuel cycle end, the influence of geosphere and the biosphere model geometry on the 
effective dose rate were studied in this particular case.  

The results showed that the new obtained data for near and far field interactions had a significant effect only for 79Se. 
This radionuclide in terms of long-term safety seems to be one of the most important. The chemical properties of 
selenium, especially the solubility and distribution coefficient in granitic environment can be very significant for the 
overall impact of a deep geological repository on the environment (see presentation K. Videnská et al., 2014, this 
conference).  

Results for closed cycle with the reprocessed MOx fuel and other wastes arising from reprocessing UOx spent fuel 
show almost an order of magnitude highereffective dose rate than for the open cycle with spent fuel UOx only. This is 
caused by the radionuclides released from the cement matrix of intermediate-level waste. Spent fuel MOx itself has 
lower effective dose rate than UOx one.  

The biosphere model "FARM", which was previously used in the safety analyses under Czech Republc environmental 
conditions has been supplemented and extended to cover biotopes of current Czech Republic. New calculations show 
that the fish ingestion can significantly affect the effective dose rate of 129I; it furthermoreconfirmed the importance of 
79Se and showed the necessity to include the dust re-suspension in the intake of vegetables.  

The results of sensitivity analyzes based on reason of a model deeper understanding and the determination of 
significance of individual model components and the importance of model parameters show a significant effect of 
groundwater flow rate and the geosphere total dilution ion the effective dose rate maximum. With regards to factors 
such as the flow time through the geosphere, it doesn’t show to influence the maximum of effective dose rate directly, 
but it show the effect on its time course.  

The research leading to these results has received from Ministry of Trade and Industry (MPO TIP FR-Tl1/362).  

References:  
Videnská K., Gondolli J., Havlová V. (2014): Retention of selenium species on crystalline rock: The effect of redox 
conditions and mineralogical composition of crystalline rock. Presentation on Radchem conference, 2014. 
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In several concepts of deep geological repository (DGR) development granites are considered as potential host rocks 
(Sweden, Finland, Czech Republic). Safety calculations, evaluating safety functions of DGR engineered and natural 
barriers, require information about radionuclide migration in fractured rock, both by advection and by diffusion in rock 
matrix. These two processes are the most important for radionuclide activity decrease.  

Radionuclide diffusion into rock matrix is namely studied in laboratory, nevertheless also in-situ experiments are 
performed (e.g., Long term diffusion project, Grimsel URL, Switzerland). However, due to the diffusion experiments 
velocity, such studies usually take rather long time (months or even years). The through electromigration method 
(TEM) can be used for diffusion parameter studies, especially due to speeding up the experimental work in comparison 
with standard through diffusion methods. In TEM experiments both formation factor (Ff) and effective diffusion 
coefficient (De) values could be obtained. The invented experimental cell for TEM experiments, based on the work of 
M. Löfgren (Löfgren, 2004) and further improved in ÚJV laboratories (Večerník, Brůha, 2012), was used. This 
experimental cell enables to use samples with diameter of 40–50 mm and lengths up to 100 mm. In this study, 
comparison of migration parameters on different Czech granitic rocks were performed not only for samples from 
different sites but also compared the archive and fresh drill core samples. Iodide anion as a tracer in sodium chloride 
background electrolyte was used in experiments. Samples from the same sites were also used in through diffusion 
studies with tritium as a tracer.  

Based on obtained results, it can be seen, that the diffusion of iodide anion, as a tracer in electromigration experiments, 
is affected by anion exclusion in most samples. Migration of negatively charged anionic species in pore space is slower 
than neutral non-sorbing 3H. There are also noticeable relations between formation factor values obtained by TEM 
experiments and others parameters describing the rock sample properties (e. g. diffusivity, hydraulic conductivity).  

Acknowledgement:  
The activities leading to these results were financially supported by Ministry of Trade and Industry of the Czech 
Republic projects FR-TI1/362 and FR-TI1/367.  
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(2012): Funkční vzorek FV TIP 2402/2012/7 (in Czech), ÚJV Řež, a. s., Czech Republic. 
  



CHEMISTRY OF NUCLEAR FUEL CYCLE - POSTERS 

 

421 

NFC-P42, (Id: 344) 
EXPLOSION HAZARDS OF MIXTURES OF REDUCTANTS AND OXIDANTS USED IN REPROCESSING 
SNF 

Alexey Rodina, Evgeniy Nazina, Elena Belovab 
aScientific and Engineering Centre for Nuclear and Radiation Safety 
bA.N. Frumkin Institute of Physical chemistry and Electrochemistry, Russian academy of sciences 
rodin@secnrs.ru  

 
Mixtures of reductant with nitrate oxidant are widely used or produced in technological operations radiochemical 
reprocessing SNF. The potential danger of these mixtures consists in the possibility of oxidation that can occur with a 
high rate and accompanied by the release of heat and gases, which may lead to the release of the contents of the 
apparatus or its deformation.  

Some of the more dangerous operations are those in which it is possible to drying nitric acid solutions containing 
reducing agents, as at a certain temperature such dried mixture erupt like pyrotechnic compositions or gunpowder. In 
the practice of the radiochemical plants are known cases of accidents caused by intense exothermic processes. By the 
consequences they are fairly weak, however they led to the destruction of equipment, release of radioactive materials 
and even fatal. The aggregate state of mixtures of reductants and nitrate oxidants can be divided into the following 
groups:  

- nitrate solution (nitric acid and / or nitrates) with reducing agents;  

- Mixtures of solid oxidizing and reducing agents (nitrates). The maximum heat release and gas mixtures is achieved 
when ratio of reductant and oxidant is stoichiometric and hydrogen with carbon are oxidised to H2O and CO2. During 
assessment of explosion risk of particular manufacturing operation at the presence of mixtures of reductants and 
oxidants need at least the following information:  

- Temperature of the solution (mixture), at which in system begin interaction accompanied by the release of heat and 
gaseous products (Tonset);  

- The rate of gas release (Wgaz)  

- Pressure that can be created in the device upon completion of the interaction process of the oxidant and the reductant.  

We believe that by using of these values can be estimated the major aspects of explosion safety of technological 
operations - safe working conditions, the probability of failure and the possible consequences of the accident. To assess 
the real hazard and consequences of accidents need both information about the characteristics of the oxidative 
processes in these mixtures and the characteristics of apparatus in which the mixtures are using. First of all it is 
necessary to know the temperature at which the exothermic oxidation process starts, accompanied by gas evolution. If 
these processes are inevitable, for gas pipe capacity estimation of apparatus must be known maximum gassing rate. In 
case of sealing the gas lines, the pressures in the closed apparatus can be estimated from the total amount of the 
reducing agent, the quantities of the specific volume (Vsp) and the size of the free volume. In our works, we study the 
basic aspects of interaction between oxidants with reductants in both conditions the approximate for normal operation, 
and with regard to possible violations. The perspective processes of reprocessing SNF provide for the use for different 
purposes a number of new reductants - сarbohydrazide, acetohydroxamic acid, glycine, hydroxylamine, 
metilaminkarbonat. Planned to introduce new operations - the destruction of ammonium nitrate with the participation 
of formaldehyde, denitration of uranyl nitrate with formic acid. The potential and real explosion hazards (the ability to 
exothermic reactions) for these reductants - nitrate oxidants mixtures is not known and requires mandatory study. 
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Diffusion and sorption parameters are needed to assess the performance of a deep geological repository for high level 
waste (HLWR). Classical migration experiments are used to obtain these parameters but require long experimental 
time periods (months to years). The electromigration (EM) technique uses an electrical gradient as driving force to 
force ionic species to move, hence these data can be obtained in days. This technique was developed to determine 
diffusive properties for different radionuclides in Boom Clay (e.g. Maes et al. (1999), Maes et al. (2002)), extended for 
use on compacted sodium montmorillonite by e.g. Higashihara et al. (2004), Tanaka et al. (2008), and in crystalline 
rocks by Löfgren and Neretnieks (2006). In many countries, compacted bentonite is considered as a part of the 
engineered barrier system in HWLR. The aim of this study was to develop an EM cell for compacted bentonite and to 
test the applicability of the EM technique to study radionuclide transport.  

The EM cell design was based on a mix of the design of Higashihara et al. (2004) and Maes et al. (1999). Plugs of the 
Czech commercial bentonite B75 were compacted to a dry density of 1300 kg/m3 and fully saturated with 0.033 M 
CaCl2 (which suppresses the swelling). Two bentonite plugs were combined in an EM set-up and in between an aliquot 
of 125-I tracer was spiked.  

When an electric field is applied, electrolysis of the electrolyte solution occurs with creation of protons and hydroxyls 
respectively at the anode and cathode sides which induces pH changes over the sample that can negatively influence 
the EM experiment. In order to mitigate these effects, different set-ups were tested (with intermixing both electrode 
sides in neutralisation reservoir, without intermixing and with salt bridges). For the optimal experimental condition 
found during testing phase, several electromigration experiments at different electrical potential gradients were 
performed. From the linear regression between the dispersion velocity and the dispersion coefficient, the apparent 
diffusion coefficient for iodide was evaluated. This value was compared with apparent diffusion coefficient obtained 
from classical through-diffusion experiments.  
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In order to develop resins with selectivity to U(VI) in HNO3 media, we have synthesized several sili-ca-supported 
polymer beads with the structure of a monoamide as the functional group. The examination on their adsorptivities to 
various metal ions has clarified that among these resins those consisting of N,N-dimethyl- acrylamide (Silica-DMAA) 
and N-methyl-N-vinylbenzylacetamide(Silica-MVBAA) have selectivity to U(VI) and U(IV), respectively, where 
major fission product (FP) ions are found to show no or very little adsorption from HNO3 ranging up to 6 mol/dm3 
( = M) [1, 2]. For wider applications of these resins including treatment of highly- radioactive solutions, it is necessary 
to investigate their stability under irradiation conditions. In this study, the above two resins were irradiated by γ-ray in 
HNO3 and adsorptivities to FP ions were examined. The structure change in the resins by irradiation was also studied. 
Silica-DMAA and MVBAA resins were synthesized in a similar manner as previously reported[1, 3]. The resins and 
HNO3 of up to 6 M were mixed in a Pyrex sample tube at a ratio of 5 cm3/g, respectively, and used as the samples for 
γ-ray irradiation. Irradiation by the Co-60 source was performed at max. 16.3 kGy/h up to 1.6 MGy at room 
temperature under ambient atmosphere. The irradiated resins were separated from the supernatant and washed using 
distilled water to avoid further degradation of the resins by HNO3. The resulting resins and the supernatants were 
analyzed by IR and 1H NMR (solvent : D2O), respectively. Adsorptivities of the irradiated resins to FP ions were 
examined by the batch method similar to the previous studies[1-3].  

For the IR analyses, a new peak generated at around 1700 cm-1 for DMAA irradiated in HNO3 of higher 
concentration. While, no clear changes in the spectra were observed in the irradiated MVBAA. 1H NMR spectra of the 
supernatants after irradiation showed exclusively distinguished peaks which would be attributed to N,N-dimethylamine 
(ca. 2.7 ppm (vs. DSS), CH3, singlet) for DMAA irradiated in 6 M HNO3 at 1.6 MGy and acetic acid (ca. 2.1 ppm 
(ditto), CH3, singlet) for MVBAA irradiated in 6 M HNO3 at 0.90 MGy, respectively. 

 Based on the above results, it would be proposed that both two resins were mainly degraded simply by the break of 
each amide bond, followed by the formation of polyacrylic acid from DMAA and secondary-amine-type weakly-basic 
anion exchange resin from MVBAA, re-spectively. These degradation properties are similar to those of chain-type 
monoamide extractants[4], and are simpler than that of a cyclic monoamide resin[5]. Considering the degradation 
properties of these monoamide compounds, the two resins are expected to be stable against irradiation in HNO3 of 
lower concentration such as 0.1 M.  

The irradiated resins showed weak adsorptions for Zr(IV) and Pd(II) from HNO3 of lower concentration ranges and no 
or little adsorptions were found for other FP ions, which was in accordance with the expected adsorptivities of the 
degraded resins. Besides, it is expected that the two irradiated resins keep the selectivity to U species, respectively, in 
HNO3 of ca. 3 M and higher.  

[1] M. Nogami et al., J. Radioanal. Nucl. Chem. 273 (2007) 37.  
[2] M. Nogami et al., J. Radioanal. Nucl. Chem. 284 (2010) 195.  
[3] M. Nogami et al., Prog. Nucl. Energy, 284 (2008) 462.  
[4] P B Ruikar et al., J. Radioanal. Nucl. Chem. Letters 176 (1993) 103.  
[5] M. Nogami et al., J. Radioanal. Nucl. Chem. 296 (2013) 423. 
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Fluoride Volatility Method is considered to be a prospective advanced reprocessing technology for spent nuclear fuels 
of FBR systems. The experimental verification of the Fluoride Volatility Method has played an important role in 
Czech R&D devoted to Partitioning and Transmutation. The goal of the experimental technological line FERDA 
(Fluoride Experimental Research and Development Assembly), constructed in Nuclear Research Institute Rez, is 
verification of technology of FVM for the requirements of pyrochemical partitioning. The technology is based on the 
flame fluorination of spent fuel, subsequent condensation and multistage distillation of formed volatile fluorides. The 
powdered fuel is fed into the flame fluorination reactor together with fluorine gas. A separation of volatile fluorides 
from non-volatile ones carries out in this reactor. A main goal of the partitioning of volatile and non-volatile products 
of fluorination is to separate uranium in the form of volatile UF6 from plutonium, minor actinides and most of fission 
products that form predominantly non-volatile fluorides. UF6 is then purified from rest of volatile flurides by 
distillation process. The short-term capacity of the fluorination reactor is 1 – 3 kg of spent fuel per hour, however the 
whole facility is constructed as a batch process. The paper describes the experience with design and construction of the 
FERDA facility and evaluates the results of the first experiments with simulated fuel. Proposal of detailed 
experimental programme for next years is described as well. 
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Partitioning and transmutation (P&T) is considered as one of the promising methods to safely handle minor actinides 
which origin from energy production by nuclear fission. Current focus is on the production of suitable particles which 
can be used for future fuels.  

Promising types of particle fuels are Sphere-pac and Vipac fuels [1]. The Vipac method uses randomly shaped 
particles, whereas the Sphere-pac process requires spherical particles. By the use of different size classes a density 
equal to conventional pellet fuel can be achieved. In both processes, the particles can be loaded directly into the fuel 
rod. One of the considered particle types consist of a homogeneous mixture of uranium and minor actinide oxides. In 
framework of the ASGARD project [2], microspheres consisting of a homogeneous mixture of U and Nd have been 
prepared by the weak-acid resin process [3]. Neodymium acts as a surrogate for trivalent actinides, such as americium. 
During the process, weak-acid cation exchange resins are loaded with ions. After full loading the resin beads are 
thermally treated in various atmospheres to produce different microspheres, such as oxides, carbides and nitrides. In 
this work, the ion exchange resins Amberlite IRC-86 and Lewatit TP-207 are loaded with UO2

2+ and Nd3+. Various 
parameters have been investigated to maximize the adsorption. The adsorption kinetics of UO2

2+, Nd3+ and a mixture of 
both ions have been studied. In addition, the temperature influence and the effect of the pH on the adsorption of UO2

2+ 
and Nd3+ have been investigated.  

Neodymium ions show significantly faster adsorption kinetics compared to uranyl. With a contacting time of 18 h, 
adsorption of both UO2

2+ and Nd3+ reaches equilibrium. An exchange of Nd3+ by UO2
2+ is observed for mixtures of 

UO2
2+ and Nd3+ for contacting times longer than 18 h. The difference of adsorption at various temperatures is 

negligible, while the pH of the solution plays an important role. A pH lower than 3 causes a decrease of the adsorption. 
Acid-deficient uranyl nitrate (ADUN) solutions can be used to maximize the pH of the uranyl nitrate solution without 
the introduction of foreign cations.  

References  
[1] M. Pouchon et al., chapter 3.11 Sphere-Pac and VIPAC fuels, Comprehensive Nuclear Materials, Elsevier Ltd., 
2012, p. 275 - 312  
[2] http://asgardproject.eu/ [3] K. Notz et al., Radiochimica Acta, 1978, 25: p. 153-160 
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The term matrix diffusion usually considers the process by which species, being transported in distinct flow paths, 
penetrate the surrounding rock through connected system of pores or microfractures. The importance of matrix 
diffusion is that it provides a mechanism for potential specie retention within enlarged area of rock surface in bulk rock 
pore network. This is especially crucial when considering the calculated contribution to dose for potential escaping 
radionuclides from deep geological repository (DGR).  

The Long Tern Diffusion Project (LTD) is an international project consisting of a series of experiments that aim was to 
obtain quantitative information on matrix diffusion under in situ conditions.  

The 1st phase of the project included an in-situ diffusion experiment where radionuclides (3H, 22Na, 134Cs) were 
injected into the borehole in undisturbed rock matrix in Grimsel test site (Switzerland) for 800 days. Here the borehole 
was drilled up to 8 m into the granodiorite massive in the depth 400 m under surface. The experimental interval was 
left opened in the borehole packer system in order the injected radioactive cocktail got int the contact with undisturbed 
rock matrix. The activity decrease was observed by regular sampling of the experimental solution in the system. The 
radionuclide tracer activity was measured by liquid scintilation spectrometry (LSC, 3H) and gamma spectrometry 
(22Na, 134Cs). After 24 month the system was closed and the borehole was overcored. The active rock, surrounding the 
experimental interval, was then sawed and the tracer profiles were measured in the rock samples in order to determine 
the diffussion extent. 3H content in pore water in each subsample was measure by LSC after pore water destillation and 
condensation. 22Na and 134Cs was measured by standard gamma spectroscopy.  

Eventough it had been envisaged that 3H might be undetectable in the rock, the methodology used enabled to 
determine that the tracer, being concerned as conservative non sorbing one, migrated up to 17 cm into the rock matrix. 
22Na as slightly sorbing tracer migrated up to 7 cm. Finally, sorbing 134Cs migrated surprisingly up to 1,5 cm, instead 
expected several mms. The analyses results were afterwards used as a base for post mortem modelling.  

Acknowledgement:  
UJV Rez, a.s. activities within the LTD project were financed by CZ projects FR-TI/362; 1P05LA248; LA09025 and 
by RAWRA. 
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Crystalline rocks are considered as potential host rock for deep geology repository (DGR) of radioactive waste in many 
countries. In order to define safety functions of host rock and gained performance assessment relevant input data, 
detailed examination of rock migration parameters, for relevant radionuclides has to be performed. DGR is usually 
planned to be constructed at the depth 400 – 600 m below the surface within as the least heterogeneous and fractured 
rock segment. The main processes that radionuclide might undergo during their potential way from the repository 
towards human and biota are advection in rock fracture, diffusion into the rock matrix and sorption onto fracture 
mineral surfaces. Therefore, the aim of the presented project was to determine relevant migration properties (porosity, 
diffusivity and formation factor) for Czech crystalline rock samples. The migration properties were determined in 
relation with several other parameters (hydraulic conductivity K, sampling depth, sample age, hydraulic conductivity).  

102 granitic samples from ten different granitic bodies, comprising rock material of different structure and grain size, 

and hydraulic conductivity (K).  

Porosity was determined using water-saturation method [1]. The effective diffusion coefficient De was measured using 
3H as a tracer in through-diffusion experiments. The activities in both input and output reservoirs were regularly 
monitored using liquid scintillation spectrometry (LSC). Hydraulic conductivity K was measured in pressure cells. 
Porosity values differed from 0.3 – 2.7 %; while the effective diffusion coefficient De ranged from 1.6  10-13 to 
7.41  10-12 m2.s-1, eventhough samples with De of 10-11 m2.s-1 were also found (namely altered by metasomatosis). On 
the other hand, several low-grade metamorphosed samples proved lower diffusion rates than undisturbed samples. 
General positive trend of De dependence on porosity was spotted with the major cluster of De and porosity values. The 
trends between De and K, however, were not so clear.  

In order to put the measured values of hydraulic conductivity K and effective diffusion coefficient De into relation, 
numerical simulations of both through-diffusion and pressure cell experiments were undertaken using finite-element 
code NAPSAC. A discrete fracture network approach with stochastically generated microcracks was used for 
constructing granite rock matrix.  

Acknowledgement:  
The activities leading to these results were supported by Ministry of Trade and Industry of the Czech Republic projects 
FR-TI1/362 and FR-TI1/367.  

[1] Melnyk T. W., Skeet A. (1986): An improved technique for determination of rock porosity. Can. J. Earth Sci. 23, 
1068 - 1074. 
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Equilibrium electrochemical behavior of (U, Pu)N in LiCl–KCl eutectic melts is of great significance for computer 
modeling of high-temperature electrochemical reprocessing of fast reactors with nitride fuel and lead coolant (BREST) 
fuel [1]. We have carried out thermodynamic modeling of pyrochemical reprocessing of (U, Pu)N in LiCl-KCl eutectic 
melt by using software codes and databases HSC 7.1, OUTOTEC together with our own estimates of thermodynamic 
data. To estimate the thermodynamic characteristics of U, Pu, Am, as well as of numerous chemical analogs of fission 
products and to harmonize the latter with the databases in HSC 7.1, we used the well-known comparative 
physicochemical methods. In this work, we coupled comparative approach with system analysis of chemical properties 
of considered chemical elements. This allowed us to estimate also the thermodynamic functions for such hypothetical 
crystalline compounds as UCl2 and PuCl2. The Gibbs free energy of formation of these chlorides in standard conditions 
is estimated to be (-1196+/-15) and (-1129+/-15) kJ/mole respectively. By comparing the Gibbs free energies for 
lanthanides, actinides and transition element chlorides with the known conditional equilibrium electrochemical 
potentials (E*, V, vs. Cl02/Cl-) of the same compounds in LiCl-KCl eutectic melts at 772 K [2], we have estimated E* 
for the hypothetical M2+/M0 in chloride melt M = U, Pu to be -4.70 and -4.40 v respectively. The reliability and 
precision of the estimates for UCl2 and PuCl2, as well as the impossibility to detect these species in the chloride melts 
are discussed in the presentation. This work was supported by RFNC-VNIITF. 

Reference  
[1]. White Book of Nuclear Power. General editing by Prof. E.O. Adamov, Moscow, NIKIET (2001). 
[2]. O.V. Skiba, V.A. Kiskii, Yu.P. Savochkin, S.K. Vavilov. Pyroelectrochemical processes in fuel cycle in fast 
reactors. Dimitrovgrad, NIIAR, 2012. 314 p. (in Russian). 
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Alpha particle emitting isotopes are in considerable interest for radionuclide therapy because of their high cytotoxicity 
and short path length [1]. Unfortunately, all available emitters have serious disadvantages: 211At forms weak bond with 
carbon atoms in the biomolecule and in the case of 212Bi, 213Bi and 226Th short half-life often limits the application of 
these nuclides. However, the short half-life of 212Bi and 213Bi could be effectively lengthened by binding the parent 
radionuclide 212Pb (T1/2 = 10.6 h) or 225Ac (T1/2 = 10 d) to a biomolecule, thereby effectively extending the use of short 
half-life 212Bi and 213Bi. In addition, in vivo generator delivers much greater dose per unit of administered activity 
compared to 212Bi and 213Bi alone. Also three radium radionuclides 223Ra, 224Ra and 225Ra exhibit very attractive 
nuclear properties for radiotherapy, but the lack of appropriate bifunctional ligand for radium was the reason why these 
radionuclides did not find application in receptor targeted therapy. In our studies we investigated the use of TiO2 
nanoparticles as potential carriers for 225Ac/213Bi in vivo generator and nanozeolite particles as vehicles for 223,225Ra 
radionuclides.  

The TiO2 nanoparticles have unique properties like: high specific surface, high affinity for multivalent cations and 
simple way of synthesis, which are useful in the process of labelling. Commercially available (e.g. P-25 Degussa) and 
synthesised in our laboratory nanoparticles were used in experiments. The nanoparticles were characterized by TEM, 
SEM, DLS and NanoSight techniques. In our experiments we tested two different methods of labeling. The first one 
was based on the possibility of formation strong bonds with certain cations on the surface of the nanopraticles. In the 
second one, TiO2 nanoparticles were doped with 225Ac during the process of synthesis. In both cases we obtained high 
yields of labelling (>99 %).  

Afterwards, the stability of labelled nanoparticles was examined in 0.9 % NaCl, 10-3 M EDTA, solutions of 
biologically active substances (cysteine, glutathione) and human serum. In case of TiO2 nanoparticles labelled with 
Ac-225, which was built in the crystalline structure, the leakage of 225Ac and its daughter radionuclides was not 
significant in any of solutions, even when the incubation time was extended to 10 days. In the case of nanoparticles 
with adsorbed 225Ac on surface the leakage in serum was slightly higher, but still insignificant. Also the NaA 
nanozeolite as a carrier for radium radionuclides has been studied. 223Ra, and 225Ra, the α-particle emitting 
radionuclides, have been absorbed in the nanometer-sized NaA zeolite through simple ion-exchange. 223,225Ra-
nanozeolites have shown very good stability in solutions containing: physiological salt, EDTA, amino acid and human 
serum. To make NaA nanozeolite particles dispersed in water their surface has been modified with silane coupling 
agent containing poly(ethylene glycol) (PEG) molecules.  

To obtain conjugates specific for receptors on glioma cancer cells short peptide substance P were covalently attached 
to the PEG-TiO2 and PEG-nanozeolite surface. The obtained bioconjugate were labeled with 225Ac and 223Ra 
respectively. The serum stability of labelled biconjugates was similar or little better than unmodified nanoparticles. 
The cell affinity, cytotoxicity and biodistribution studies of the obtained radiobioconjugate are in progress.  

References  
D.Cordier, F.Forrer, F.Bruchertseifer, A.Morgenstern, C.Apostolidis, S.Good, J. Müller-Brand, H.Mäcke,  
J.C.Reubi, A.Merlo, Eur. J. Nucl. Med. Mol. Imaging 37 (2010) 1335–1344.  
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Alpha radionuclide therapy has a great potential in the fight against cancer as proven by a large number of pre-clinical 
and clinical studies. In vivo generators capable of delivering a highly efficient cascade of alpha particles are also 
steadily gaining importance. At the moment 225Ac is the most relevant radionuclide that can serve as an in vivo 
generator, providing four alpha particles with a total energy of 28 MeV. However, due to the recoil effects the daughter 
recoil atoms, most of which are alpha emitters as well, receive energies that are much higher (> 100 keV) than the 
energies of chemical bonds (typically around 2- 8 eV) resulting in decoupling of the radionuclide from common 
targeting agents such as antibodies. The escaped daughter atoms are free to spread in the body and can cause severe 
harm to healthy tissue, which is considered to be the major challenge in alpha radionuclide therapy. Here, we 
demonstrate that polymer vesicles (i.e. polymersomes) can retain recoiling daughter nuclei based on an experimental 
study examining the retention of 221Fr and 213Bi when encapsulating 225Ac. Furthermore, we examined the retention of 
209Pb, the daughter nuclide of 213Po, when enclosing 213Bi in the vesicles.  

Polymersomes composed of poly(butadiene-b-ethylene oxide) were successfully loaded with 225Ac and 213Bi reaching 
an efficiency of more than 60 % in both cases with negligible loss. The recoil retention of 221Fr and 213Bi were found to 
increase with the size of the polymersomes, reaching respectively 69 ± 1.5 % and 53 ± 4 for polymersomes having a 
diameter of 800 nm. The retention of 209Pb subsequent to a single recoil step (i.e. 213Po decaying to 209Pb) was found to 
be 59 % ± 17 in the case of polymersomes having the same diameter as reported above. Finally, the polymersomes 
were found to accumulate around the nucleus in tumor cells (HeLa cell line) which is expected to further reduce the 
harm caused by recoiling alpha emitters, provided that the nano-carriers have favorable pharmacokinetics. 
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In the fight against cancer, it is of utmost importance to damage diseased cells whilst leaving healthy tissue unaffected. 
Vesicles composed of amphiphilic block copolymers have been proven to be promising nano-carriers, which are 
capable of transporting a variety of pharmaceuticals to tumour sites [1]. Their application can be extended to the field 
of nuclear medicine by designing ultra stable polymersomes, although such studies are scarce. Here, we present a study 
demonstrating the radiolabeling of polymer vesicles with the molecular imaging agent 111In, and their in vivo 
pharmacokinetics in mice. This has been examined using microSPECT, the most powerful pre- clinical imaging 
technique in terms of spatial resolution.  

The vesicles are composed of poly(butadiene-b-ethylene oxide) block copolymers, and the labelling has been achieved 
by transportation of the radionuclide, complexed to a lipophilic ligand, through the hydrophobic bilayer into the 
aqueous cavity containing a strong hydrophilic chelate [2]. A sufficient amount of the radionuclides was successfully 
encapsulated in the polymersomes (>90 % loading efficiency) with a negligible loss of radiolabel upon incubation in 
serum (<5 % in 24 hours at 37 ˚C), allowing their safe application in in vivo studies. The 111In containing 80 nm 
polymersomes have been subsequently used in pharmacokinetic and bio-distribution studies using microSPECT. Both 
healthy and tumour bearing female Ncr nude mice were injected intravenously or subcutaneously with 80 nm 
polymersomes loaded with 20 MBq 111In. Periodic microSPECT images were taken, and a biodistribution was 
performed 24 and 48 h p.i.  

The polymersomes have been observed to circulate a considerable time in vivo (longer than 6 h) in healthy mice, and 
are primarily cleared by the spleen, which complies with the circulation time obtained in other in vivo polymersome 
studies [3]. This in contrast to a much shorter circulation time observed for polymersomes intravenously injected in 
tumour bearing mice, where the liver and spleen removed the polymersomes from circulation within 1.5 h. Saturation 
of the RES by saturation with a higher polymersome concentration is expected to prolong the blood circulation time of 
the vesicles. Very promising results were obtained for subcutaneously injected mice, where a high retention rate of 
polymersomes in the interstitial tissue surrounding the tumour site was observed, whereas unencapsulated 111In-DTPA 
was cleared immediately. This makes subcutaneously injected polymersomes a valuable option for loco-regionally 
targeted tumour therapy.  

References:  
[1] B.M. Discher, Y.Y. Won, D.S. Ege, J.M.C. Lee, F.S. Bates, D.E. Discher and D.A. Hammer, Polymersomes: tough 
vesicles made from diblock copolymers, Science 1999, 284, 1143  
[2] G. Wang, R.M. de Kruijff, M.C.A. Stuart, E. Mendes, H.T. Wolterbeek and A.G. Denkova Polymersomes as 
radionuclide carriers loaded via active ion transport through the hydrophobic bilayer, Soft Matter 2013, 9, 727-734.  
[3] P.J. Photos, L. Bacakova, B. Discher, F.S. Bates, and D.E. Discher, Polymer vesicles in vivo: correlations with 
PEG molecular weight, J. Controlled Release 2003, 90, 323-334 
  



RADIOPHARMACEUTICAL CHEMISTRY, LABELLED COMPOUNDS - VERBAL 

434 

RPH-V05, (Id: 354) 
INVESTIGATION OF ASTATINE CHEMISTRY IN SOLUTION 
Gilles Montavona, Andréa Sabatié-Gogovab, Ning GUOa, Remi Mauricea, Florent Réalc, Nicolas Gallandd, Fadel 
Bassald, Tahra Ayedd, Eric Renaultd, Julien Plimée, Cyrille Alliotb, David Deniaudd, Julie Championd, David 
Tezed 
aSUBATECH 
bGIP Arronax 
cPHLAM 
dCEISAM 
eLCT-Paris 
montavon@subatech.in2p3.fr 

 
Astatine 211 is considered to be one of the most promising candidates for targeted alpha therapy (TAT)[1,2] and it is 
the subject of a wide research program in Nantes (France). A carrier molecule should transport At-211 to the cancer 
cells where alpha-particles emitted by the radionuclide would destroy the target. However binding astatine to cancer 
selective carrier molecules remains a difficult task. It is recognized that many of the basic chemical studies with 
astatine (At) have unfortunately been set aside, which currently hinders the development of radiotherapeutic agents [3] 
At-211 is produced in cyclotrons and all investigations were consequently derived from radiochemical studies at ultra-
trace concentrations (typically smaller than 10-10mol.L-1). Therefore no spectroscopic tools can be used to assess At 
chemistry at the molecular level. These two points clearly limit the investigations of its chemistry, and consequently 
the development of efficient labelling protocols.  

Based on these considerations, a research program has started to explore the fundamental properties of At using a 
multi-disciplinary approach combining radiochemistry, analytical chemistry and molecular modelling competences. 
The object of this contribution is to present the main advances obtained during the past 10 years as regards especially 
to the particular metallic character of astatine. Our methodology enabled to define a Pourbaix diagram (Eh/pH 
diagram) for At in non-complexing acidic aqueous medium. In addition to At- species, the experiments and quantum 
calculations highlighted the existence of two stable At+ and AtO+ cationic forms of astatine [4, 5]. This truly contrasts 
with others halogens. Recent results on the chemical reactivity of AtO+ demonstrate the potentiality to form both 
coordination and covalent bonds with organic and inorganic ligands [6-8]. The peculiarity of the AtO+ behaviour in 
water solvent will be also discussed [9,10].  

REFERENCES  
[1] D. S. Wilbur, Current Radiopharmaceuticals, 2008, 3, 144-176.  
[2] G. Vaidyanathan et al., Current Radiopharmaceuticals, 2008, 1, 177-196.  
[3] D. S. Wilbur, Nature chemistry, 2013, 5, 246.  
[4] J. Champion et al., The Journal of Physical Chemistry A, 2010, 114, 576-582.  
[5] A. Sabatié-Gogova et al. Analytical Chimica acta, 2012, 721, 182.  
[6] J. Champion et al. Inorganica Chimica Acta, 2009, 362, 2654-2661.  
[7] J. Champion et al. Physical Chemistry Chemical Physics, 2011, 13, 14984-14992.  
[8] J. Champion et al. The Journal of Physical Chemistry A, 2013, 117, 1983-1990.  
[9] T. Ayed et al. The Journal of Physical Chemistry B 2013, 117, 5206−5211 [10] T. Ayed et al. The Journal of 
Physical Chemistry B, 117, 10589−10595 
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Effective delivery of radiopharmaceuticals, chemotherapeutic, hormonal and biological pharmaceuticals to the tumor 
tissue and cancer cells selectively continue to be the most vexing problems in cancer oncology. Radioactive 
nanoparticles with diagnostic and therapeutic capabilities provide intelligent drug delivery systems to maximize 
therapeutic activity and to minimize undesirable side-effects. For example the radioisotope of gold metal, Au-198, 
provides a desirable beta energy emission and half-life that destroys tumor cells/tumor tissue (βmax = 0.96 MeV; half-
life of 2.7 days). Its penetration range (up to 4 mm in tissue or up to 1100 cell diameters) is sufficiently long to provide 
cross-fire effects to destroy tumor cells/tissue, but short enough to minimize radiation exposure to adjacent tissues. 
One particularly attractive feature of radioactive gold nanoparticles is that it does not have to be incorporated into 
every tumor cell to have a therapeutic effect. The path length of the emitted radiation is sufficient to allow effective 
therapy following uptake into a subpopulation of tumor cells. It is this feature that has attracted recent attention to 
apply nanotechnology for the effective delivery of therapeutic doses of beta emitting nanoparticles selectively to tumor 
tissue and tumor cells. We have recently carried out extensive in vitro and in vivo investigations to validate the 
hypothesis that glyco protein (gum Arabic) functionalized radioactive Au-198 nanoparticles are stable and 
biocompatible under in vivo conditions. Our research efforts have demonstrated that the complex polysaccharides and 
protein structures within the GA backbone can effectively lock gold nanoparticles on the protein matrix to produce 
non-toxic gold nanoparticulate constructs (GA-AuNP) which are stable under in vivo conditions for potential 
applications in tumor therapy [1]. Our detailed in vivo studies, through intratumoral administration of GA-198AuNP 

±40.7 %ID/gm within the tumor at 30 min that declined to 87.0±16.9 %ID/gm by 24 h. The overall reduction in tumor 
volume was 80 % three weeks after a single dose intratumoral administration of GA-198AuNP (408μCi).  

In our continued efforts to apply Green Nanotechnology for the development of therapeutic radioactive gold 
nanoparticles, recently we have discovered that the high antioxidant capacity of Epigallocatechin gallate (EGCG), 
which is the most abundant catechin polyphenol in tea, can be used to convert radioactive Gold-198 precursor to the 
corresponding biocompatible radioactive gold nanoparticles functionalized with Laminin receptor specific EGCG. 
Laminin receptors are overexpressed in a large number of human tumors and the high in vivo affinity of EGCG toward 
Laminin receptors has allowed to develop Laminin receptor specific radioactive gold nanoparticles to achieve tumor 
specificity [2,3]. This lecture will provide: (a) scope and prospects of beta emitting radioisotopes in nanomedicine; (b) 
details on the intervention of nuclear activation analysis and various radioanalytical approaches for the production of 
tumor specific radioactive gold-198 nanoparticles; and (c) full in vivo investigations on therapeutic properties of 
EGCG-198-AuNP agent in treating prostate tumors and (d) the overall implications of Green Nanotechnology of 
therapeutic beta emitting nanoparticles in oncology.  

[1] Katti, et.al: Functionalized Radioactive Gold Nanoparticles in Tumor Therapy. Wiley Interdisciplinary Reviews: 
Nanomedicine and Nanobiotechnology, 2012; vol. 4, no. 1, pp. 42–51,  
[2] Katti, et.al; Laminin Receptor Specific Therapeutic Gold Nanoparticles (198AuNP-EGCg) Show Efficacy in 
Treating Prostate Cancer; Proceedings of the National Academy of Sciences-PNAS-2012 2012 vol. 109 no. 31; 12426-
12431  
[3] Katti, et.al: EGCG-Functionalized Radioactive Gold Nanoparticles in Tumor Therapy. W 
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New theranostic radiopharmaceuticals for rapid visualisation of prostate cancer and the highly effective 
radioendotherapy are of utmost clinical interest. Since the Prostate-specific membrane antigen (PSMA) is upregulated 
in nearly all prostate cancers compared with the rather low expression levels in normal tissue, PSMA can be 
considered as an attractive target for the diagnosis and therapy of prostate cancer. This project is focused on the 
development and evaluation of a series of linker variations of DOTA conjugated 68Ga-PSMA-PET imaging agents. 
These ligands consist of three principle components: the PSMA binding motif (Glu-urea-Lys pharmacophore), a 
variable linker and the DOTA chelator. The combination of DOTA with the PSMA targeting inhibitors might open the 
possibility of using the same vector molecule for imaging and therapeutic purposes due to the similarity of the 
coordination chemistry of 68Ga and that of therapeutic radionuclides such as 90Y or 177Lu. All studied compounds were 
compared with the clinically used reference Glu-NH-CO-NH-Lys-(Ahx)-HBED-CC. It was reported that the chelator 
HBED-CC seems to interact advantageously with the binding pocket. The here aimed linker region is designed in order 
to elucidate the structure-activity relationships (SAR) and to compensate binding potential of HBED-CC. After the 
formation of the resin immobilized Glu-urea-Lys, the further synthesis of the PSMA binding motif and linker region 
was performed by solid-phase peptide chemistry. The resulting product was coupled by using the active ester of 
DOTA. All compounds were analysed using RP-HPLC, MALDI-MS, and NMR. Subsequent 68Ga-labeling resulted in 
a radiochemical yield (RCY) of >97 % after 15 minutes at 95 °C for DOTA-conjugated compounds and in a RCY of 
more than 99 % in less than 2 min for the HBED-CC-based compound. In order to select the most promising 
precursors, in vitro cell binding properties (competitive binding affinity and specific internalization) were studied using 
the PSMA expressing cell line LNCaP. The tumor-targeting and pharmacokinetic properties were further investigated 
through in vivo biodistribution studies and dynamic small animal microPET imaging. PET scans and biodistribution 
data were obtained 1 or 2 hours after injection in BALB/c nu/nu mice bearing LNCaP tumor xenografts. All prepared 
compounds revealed a high affinity for PSMA on the human prostate cancer cell line LNCaP. Of the library of 25 
targeted probes synthesised two were found to bind the cells with low subnanomolar affinity (Ki = 0.07 ± 0.02 nM, and 
0.49 ± 0.09 nM, respectively) which was significantly improved in comparison with the HBED-CC-based standard 
compound (Ki = 12.1 ± 2.1 nM). The inhibition potency investigated by the enzyme-based NAALADase assay 
confirmed these results. Both mentioned DOTA-conjugated imaging agents showed a higher specific internalisation of 
up to 48 % ID/106 cells which is crucial in respect to the tumor targeting properties. Taken together, these two 
substances showed improved cellular uptake compared to the reference Glu-urea-Lys-(Ahx)-HBED-CC. In addition, 
differences between the HBED-CC and the DOTA derivatives were observed also in thein vivo organ distribution 
studies. The lower kidney, liver and spleen values together with the higher tumor uptake were in favor of the DOTA 
compounds. Time-activity curves obtained from dynamic PET measurements showed prolonged tumor uptake and a 
faster clearance from the kidneys. Finally, the interaction with the binding pocket and the in vivo tumor-targeting and 
the pharmacokinetic properties of the DOTA-conjugated compounds were significantly optimized by modification of 
the linker region. This approach could lead to an improved management of recurrent prostate cancer with one and the 
same precursor for diagnostic and therapeutic purpose. 
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Endogenous D-serine is a co-transmitter of glutamate for synaptic N-methyl-D-aspartate receptors (NMDARs). 
Receptor affinity for binding D-serine versus glycine depends on its GluN2 subunit composition. For the activation of 
NMDARs glutamate binds to the GluN2 subunit of the receptor and a second ligand binds to the GluN1 subunit. D-
serine is an endogenous ligand for the glycine site of the GluN1 subunit receptors in the brain in the case when 
NMDARs composed of the GluN1 and the GluN2A subunits. NMDARs composed of the GluN1 and the GluN2B 
subunits preferentially bind glycine at GluN1 sites [Madry, 2007]. Biosynthesis of D-serine requires epimerisation of 
L-serine in neurones by serine racemase. Resulting D-serine is transported into astrocites for storage. Na+-independent 
alanine–serine–cystein transporter-1 is found exclusively in neurons, Na+-dependent ASCT1 and ASCT2 are present 
in both neurons and astrocites. It was demonstrated D-serine plays an important role in the formation and maturation of 
synaptic contacts and in earlier stages of neuronal circuit construction, as a regulator of neuroblast migration in the 
developing brain. It has been tested as a therapeutic agent for the treatment of schizophrenia, depression, Parkinson 
disease and post traumatic stress disorder (PTSD) [Van Horn, 2013].  

We performed a key step in the synthesis of carbon-11 labelled D-serine: creation of the chiral centre by the 
condensation of carbon-11 labelled formaldehyde [Hooker, 2008] with a glycine synthon [Popkov, 2012]. Decay 
corrected radiochemical yield of the hydroxymethylated complex was above 20 %. The observed ratio of 
diastereomers vary; in the best experiments the d. e. was above 90 %. Purification of the L,D diastereomer on a C18 
HPLC column takes 8 min. Optimisation of SPE purification is in progress. Hydrolysis of the complex will take up to 
3 min.  

Literature  
J.M. Hooker, M. Schönberger, H. Schieferstein, J.S. Fowler (2008) A simple, rapid method for the preparation of 
[11C]formaldehyde Angew Chem Int Ed Engl. 47, 5989–5992.  
C. Madry, I. Mesic, H. Betz, B. Laube (2007) The N-terminal domains of both NR1 and NR2 subunits determine 
allosteric Zn2+ inhibition and glycine affinity of N-methyl-D-aspartate receptors. Mol. Pharmacol. 72, 1535–1544.  
A. Popkov, B. De Spiegeleer (2012) Chiral nickel (II) complexes in the preparation of 11C- and 18F-labelled 
enantiomerically pure alpha-amino acids. Dalton Trans. 1430-1440. M. R. Van Horn, M. Sild, E. D. Ruthazer (2013) 
D-Serine as a gliotransmitter and its role in brain development and disease 7, doi: 10.3389/fncel.2013.00039 
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Positron emission tomography (PET) is an imaging modality that allows in-vivo studies of physiological and 
biochemical processes on molecular level. Radiolabeled flumazenil analogues are important radiopharmaceuticals for 
the assessment of the central benzodiazepine receptors (cBZR) density by PET. These receptors play an important role 
in many neurological and psychiatric disorders, such as epilepsy, panic disorder, dementia, acute stroke, alcoholism. 
[11C]Flumazenil is a gold standard radioligand for cBZR, however due to the short half-life of carbon-11 (20.4 min) its 
application is limited by cyclotron-equipped centers.  

The fluorine-18 labeled analogue, [18F]flumazenil ([18F]FMZ) presents an advantage due to a longer half-life of 
radionuclide (109.8 min). Synthesis of [18F]flumazenil by nucleophilic substitution of nitro group of Ro 15-2344 with 
[18F]fluoride in the presence of phase transfer catalyst (PTC) has been suggested. Using 6-8 mg of labeling precursor 
provided by Hoffmann La Roche the 18F-incorportaion rate achieved 60 % (DMF, 180 °C, 30 min) [1]. Selective 
binding of [18F]flumazenil to cBZR in monkey and human brain has been further demonstrated [1,2]. The factors 
limiting clinical application of [18F]FMZ belong to relatively low 18F incorporation yield using commercially available 
nitro-precursors and the losses on the HPLC purification and post-formulation steps, both lowering the radioactivity 
produced. The aim of this study was to investigate 18F-fluorination step under different conditions and suggest the SPE 
purification method avoiding time-consuming HPLC purification. [18F]Fluoride was produced via 18O (p,n)18F nuclear 
reaction in [18O]H2O water target of GE PETtrace cyclotron and synthesis was operated by home-made remote 
controlled apparatus. [18F]Flumazenil was prepared by heating of 1-4 mg of Ro 15-2344 (Syncom, the Netherlands) in 
DMF, DMSO or o-DCB at 140-160 °C in the presence of different PTC and bases (kryptofix 2.2.2/K2CO3, kryptofix 
2.2.2BB/K2CO3 or TBAHCO3). The highest incorporation rate of more than 40 % was obtained using kryptofix 
2.2.2/K2CO3 (DMF, 15 min) and only 1 mg of Ro 15-2344. In the attempted study using combination of different 
commercially available SPE cartridges/resins and solvents the conditions to separate both radiochemical and chemical 
impurities have been identified. As a result the principal possibility to replace HPLC purification with more attractive 
for automated SPE procedure has been demonstrated. At present the substitution of HPLC by suitable SPE approaches 
can be considered as a milestone for PET radiochemistry Work is now in progress to optimize all the developed 
procedures.  

[1]. Ryzhikov N.N. et al. Nucl Med and Biol., 2005:32, 109-116.  
[2]. Odano I. et al. NeuroImage, 2009:45, 891-902. 
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Targeted alpha particle therapy (TAT) is very powerfull tool against cancer, since DNA double-strand breaks caused 
by alpha radiation induce cells death. Main advantage of radionuclides decaying by alpha particle cascade in a short-
lived chain is the deposition of high energy in very small volume (approx. 27 MeV in the case of 223-Ra). However 
main disadvantage of such in vivo generator is the release of daughter hot atoms from all chemical bonds. Energy of 
chemical bond is just several few eV compared to recoil energy of daughter atom that typically ranges to about 
100 keV. We report here on basic aspects that have to be addressed in TAT systems and describe our experimens with 
prospective carriers of 223-Ra intended for bone therapy. Preparation, labelling yelds and in vitro stabilities are given. 
Acknowledgement  
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Nuclear-chemical method, based on tritium β-decay in hydrocarbons, gives chemists unique opportunity of 
carbocations generation. Nucleogenic phenyl cations (cations generated by β-decay) and their further ion-molecular 
reactions with different nucleophiles have been used previously by us for the preparation of unknown and hardly 
available biologically active monoazine derivatives [1-5]. 1,4-Diazines and condensed quinoxaline systems are known 
as an important type of heterocyclic derivatives with high biological activity, they exhibit a wide range of 
physiological activities including antibacterial, antimycobacterial, antiprotozoal and antitumor. Unfortunately, N-
phenyl derivatives of 1,4-diazines haven't been obtained by any methods of classical chemistry yet. We have prolonged 
the nuclear-chemical method for the synthesis of several new N-phenylsubstituted diazinium derivatives by ion-
molecular reactions of the nucleogenic phenyl cations obtained by tritium β-decay in double labeled benzene with 
unshared electron pair of nitrogen atom of heterocyclic compounds.  

Carried out investigations revealed not existed in classic organic chemistry direct phenylation of nitrogen atom in 1,4-
diazine substrates and one-step formation of unknown N-phenyl onium derivatives of pyrazine, quinoxaline and 2,3-
dimethylquinoxaline.Synthesized compounds may be used as effective tritium labeled biological markers.  

[1] N.E. Shchepina, V.V. Avrorin, G.A. Alexandrova, G.A. Badun, I.I. Boiko, S.N. Shurov. Investigation of the 
phenylation of methyl-quinolines using tritium-labeled nucleogenic phenyl cations // Chemistry of Heterocyclic 
Compounds.2013. Vol. 49. No. 3 P. 428434.  
[2] Shchepina N.E., Avrorin V.V., Badun G.A., Lewis S.B., Shurov S.N. New way of direct nitrogen atom phenylation 
in quinoline derivatives //ISRN Organic Chemistry. 2012. V. 2012. P. 1-4.  
[3] N.E. Shchepina, V.V. Avrorin, G.A. Badun, I.I. Boiko. Preparation of N-phenylbenzo[h]quinolinium derivatives 
labeled with tritium // Chemistry of Heterocyclic Compounds, 2012. V. 48, No. 8. P. 1196-1199.  
[4] Shchepina N. E., Avrorin V. V., Badun G. A., Bumagin N. A., Lewis S. B., Shurov S. N. Pathways of ion-
molecular interactions of nucleogenic phenyl cations with the nucleophilic centers of picolines //Organic and 
Medicinal Chemistry Letters. 2012. 2:14. 
[5] N.E. Shchepina, V.V. Avrorin, G.A. Badun, S.B. Lewis, S.E. Ukhanov. Preparation of fused N-phenyl-substituted 
pyridinium derivatives by direct phenylation with nucleogenic phenyl cations //Chemistry of Heterocyclic Compounds, 
2012. V. 48, No. 8. P. 1196-1199. 
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Radiopharmaceuticals are very powerful diagnostic tools for evaluation of a host of medical conditions. These drugs 
are labeled with radioactive isotopes which are utilized to create pictures of areas of interest through absorption of the 
drug. They are currently in high demand due to their ability to image areas that traditional imaging devices cannot. The 
main differences between radiopharmaceuticals and other imaging methods are how the tissue in question is imaged 
and how the information is obtained. The radioisotope 99mTc, with a half-life of 6.01 hour and a 140 keV gamma 
emission, is central to many radiopharmaceutical compounds. This isotope is easily obtained from a 99Mo- 99mTc 
generator, through beta decay and column chromatography separations. Very little technetium, less than 6 ng, is need 
to label the pharmaceuticals for use in-vivo. Another radioisotope 188Re is also important due to its ability to be used 
for therapy while being tracked throughout the body. One of the main reasons there is interest in rhenium 
pharmaceuticals is the chemical similarity between it and technetium. The 188Re isotope also has a considerably short 
half–life of approximately 17 hours and has emission energy of 155 KeV. The 188Re isotope is separated from 188W- 
188Re generator, analogously to the 99Mo- 99mTc generator.  

Radiotherapy gives radiopharmaceuticals a huge advantage by their ability to destroy rapidly growing cells. The ligand 
used in this work is a pentapepetide macrocyclic ligand. This ligand, also called KYCAR (lysyl-tyrosyl-cystyl-alanyl-
arginine), has been designed for the possible application for tumor imaging for breast cancer. Ligands are chosen based 
on their in-situ biological behavior, and are used in the complexation with technetium and rhenium. Understanding and 
exploiting technetium and rhenium chemistry can provide insight into the reaction mechanisms and coordination 
chemistry of these compounds. The exploration of various oxidation states as a function of the ligands used and the 
reaction conditions can help develop novel radiopharmaceuticals. The investigations of the manipulation of oxidation 
states have the possible application to simplify the synthesis of the pharmaceutical. The versatility of the oxidation 
states of these metals leads to numerous possibilities in developing new radiopharmaceuticals. The coordination 
chemistry and reaction mechanisms must be efficiently characterized to ensure the reproducibility of the 
radiopharmaceutical. The current study focuses on technetium and rhenium complexes with peptides. These complexes 
have become increasing interesting for their use in diagnostic and therapeutic radiopharmaceuticals. The 
characterization of the complexation of Tc(V), and Rh(V) with the pentapeptide KYCAR (lysyl-tyrosyl-cystyl-alanyl-
arginine) will be discussed. Complexes will be characterized by High Purity Liquid Chromatography (HPLC), UV-
Visible Spectroscopy, Proton NMR, Circular Dichroism (CD), Electrospray Ionization Mass Spectroscopy, Single-
crystal x-ray diffraction, and x-ray absorption fine structure spectroscopy, to compare them to current 
radiopharmaceuticals. Information on the underlying reactions and coordination will be discussed. 
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The short range of α-particles (<100 μm) and high linear energy transfer (LET) in tissue make α-particle emitting 
radionuclides an ideal tool for targeted radiotherapy of cancer. A number of preclinical and clinical studies have shown 
the advantages of 223Ra for treatment of bone tumor and skeletal metastases due to its chemical similarity to calcium 
[1]. Therefore, Ra injected intravenously in isotonic solution is retained in skeletal metastases realizing in vivo 
generator for short-lived α-emitters of the decay chain:  
223Ra(11.4d) α → 219Rn(3.9s) α → 215Po(1.78ms) α → 211Pb(36.1m) β → 211Bi(2.14m) β → 211Po(0.52s) and α → 
207Tl(4.77m) β → 207Pb stab.  

The first two ultra short-lived α-emitters are formed within four seconds of 223Ra decay and probably rest in the site of 
mother radionuclide. The more long-lived radionuclides, primary 211Pb and its α-emitting daughters 211Bi/211Po can be 
escaped from mother vicinity and transferred to another site. Obviously that strong chelating agents, which are able to 
form stable complexes with all radionuclides of the decay chain, could retain the daughters together with mother 
radionuclide. Furthermore, the Ra chelates attached to antibody or proteins could be used for targeted radiotherapy or 
preparation of novel radiopharmaceuticals. The goal of the present work was to determine the conditions for formation 
of stable Ra/Pb-EDTA complexes in NaCl isotonic solutions using cation-exchange method. 223Ra was produced from 
227Ac/223Ra generator developed earlier [2]. We studied in details the cation-exchange behavior of 211Pb and 223Ra in 
NaCl solutions in dependence on composition of solution, concentration of EDTA, pH and other factors. Optimal 
conditions for elution of the 223Ra/211Pb EDTA complexes in 0.9 % NaCl solutions were found. More than 90 % of 
223Ra can be eluted in a volume 1 mL of NaCl isotonic solution containing 0.05M Na2EDTA at pH = 7-7.5.  

A simple and efficient method for isolation of 223Ra in the form suitable for biomedical studies has been developed. 
The method is adaptable to automation for the routine clinical process, eliminates the need of evaporation of the 
solutions of high radioactivity that reduce the dangerous radiation to technical staff.  

[1] Carrasquillo J.A. et al. Eur J Med Mol Imaging. 2013. 40(9): 1384-1393.  
[2] Guseva L.I. J Radioanal Nucl Chem. 2009. 281(3): 577-583. 
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At present a large attention is given to the synthesis and study of new organic compounds as the potential components 
of bone imaging agents. Phosphonates are promising class of organic compounds for these purposes. Their 99mTc-based 
derivates are used for bone imaging with the Single Photon Emission Computed Tomography (SPECT) [1]. Imaging 
with 68Ga-labeled radiopharmaceuticals have gained growing interest, and they play an increasing role in nuclear 
medicine.  

In this work we developed an original and useful synthetic approaches for the production of phosphonates derivatives 
of acyclic analogs of crown-ethers-podands [2] (I-II) and new of cyclene derivatives (III-IV). The structures and purity 
of I-IV were confirmed by the NMR 1H, 13C and 31P spectroscopy and of complexes of phosphonates I-IV were 
investigated as the promising agents for bone imaging with the Positron Emission Tomography (PET).  

Thin layer chromatography (TLC) systems was used for the analysis of 68Ga-labeling reaction products. Two systems 
were found to be the best. First system comprises silica gel instant TLC (ITLC) plates with the 0.1 М citric acid 
solution as mobile phase. Second system comprises aluminum backed silica gel plates with the mixture of 
acetonitrile/water at a ratio of 1:1 as mobile phase. The effect of conditions on the labeling process was studied. The 
influence of the pH, concentration of the ligand and the reaction temperature on the yield of labeling was examined.  

[1] Palma E., Correia D. G., Campello M.P. and Santos I. Bisphosphonates as radionuclide carriers for imaging or 
systemic therapy.// Mol. BioSyst., 2011, 7, P. 2950–2966.  
[2] Baulin V.E, Syundyukova V.Kh.,Tsvetkov E. N. Phosphoryl-containing podands. Acid type monopodands with 
phosphinylphenylic terminal groups // Zh. Obshch. Khim. (in Russian), 1989, No.1,P.62-67. 
  



RADIOPHARMACEUTICAL CHEMISTRY, LABELLED COMPOUNDS - POSTERS 

 

447 

RPH-P05, (Id: 230) 
Ga-68 CITRATE AS PROMISING AGENT FOR PET 
Tatyana Khaustova, Maria Zhukova, Alexander Lunev, Anton Larenkov, Alexander Bruskin, Olga Klementieva, 
Galina Kodina, Ekaterina Lesik 
Burnasyan FMBC 
tanyaha-89@mail.ru  

 
Ga-67 citrate has large clinical application in imaging of infection and inflammation focal sites using SPECT. For 
today there is a possibility of creation of its PET-analogue due to commercial availability of Ga-68 generator.  

As a consequence, the researches of various scientific and medical centers all around the world were aimed at 
assessing the suitability of diagnostic Ga-68 citrate for PET imaging of infection and inflammation focal sites. First of 
all, the composition of lyophilized product was optimized. The content of sodium citrate should correspond to the 
concentration of 0.08±0.01 M in the final solution of the product (Ga-68 citrate). RPh was prepared by introducing of 
concentrated and purified eluate (2 mL) of Ge-68/Ga-68 generator (Ga-68 chloride complex solution in 0.1 M HCl) 
into the vial with lyophilized composition. Then the vial was incubated at room temperature for 10 min.  

Another way of RPh preparation was mixing the eluate of Ge-68/Ga-68 generator with an aqueous solution of sodium 
citrate (the citrate concentration in the final solution was 0.08 M). The radiochemical purity of these RPhs was 
determined by thin layer chromatography using cellulose (Merck 5574) and silica gel (Merck 5553) on aluminum plate 
and the mixture of acetonitrile-water (1:1) as a the mobile phase. The value of the radiochemical purity was not less 
than 90 % in both cases.  

Experiments to study the biodistribution of Ga-68 citrate were also carried out. The results showed that the use of 
transferrin receptor blockade achieves much more acceptable biodistribution results. Studies on pharmaceutical 
development of this RPh will be continued. 
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Early diagnosis of malignant tumors remains one of the urgent problems of the modern medicine. To create a new 
generation of radiopharmaceuticals on the base of In-111, it is necessary to use solutions with a minimum of chemical 
and radionuclide impurities. In this context becomes more urgent the search of the new modern sorbents with high 
affinity for indium and with good kinetic characteristics.  

The distribution of carrier-free In-111 between aqueous solutions (chloride – acetate) and chelating ion exchange resin 
Chelex-100 and also the carbon sorbent SKN-1K, which is used for hemosorption in medicine, was studied in static 
and dynamic conditions. The dependences of static distribution coefficients of In-111 from the acidity of the solution 
contacting with sorbent, were determined. It was found for both sorbents that the optimum conditions of sorption were 
in the range of pH 4-7. The influence of macro amounts of cadmium and flow rate of the solution on the completeness 
of the radionuclide recovery was studied in dynamic conditions. The modes of subsequent desorption of In-111 with 
solutions of hydrochloric acid and its purification from the trace amounts of cadmium on the anion exchange resin 
BioRad AG1x8 were worked-out. The purification coefficient for cadmium was 1,5х103.  

The results of the investigation indicate the prospects of application of the studied sorbents in radiochemical separation 
of carrier-free 111In from macro amounts of cadmium and purification of radionuclide from chemical and radionuclide 
impurities. 
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There are around 36 million people in the world with Alzheimer’s disease and up to now here is no cure for this 
ailment. Alzheimer’s disease is the most common form of dementia. One of the drugs used for the treatment of 
Alzheimer's disease is tacrine - the inhibitor of cholinesterase. The aim of this work was to label with technetium-99m 
the different analogue of tacrine (containing different number of CH2 groups in the aliphatic chain, n = 2÷9) and to 
select the best one which potentially would be a tool for early diagnosis of Alzheimer's disease.  

In the presented work we have synthesized with good yield and purity eight 99mTc-labelling tacrine derivatives. The 
technetium-99m complex, of type ‘4+1’ used for labelling procedure, contained tetradentate tripodal chelator tris(2-
mercaptoethyl)-amine (NS3) and monodentate isocyanide ligand previously coupled with tacrine derivative (CN-
tacrine). The synthesized conjugates were isolated from the reaction mixture using semi-preparative HPLC for all 
physicochemical and biological studies.  

The lipophilicity of the conjugates was characterized by the determination of the logarithm of their partition 
coefficients, log D, in the n-octanol/PBS (pH 7.40) system, which mimics the physiological conditions. Stability of the 
complexes has been investigated in a function of time, in challenge experiments (by incubation at 37 °C with 10 mM 
solutions of histidine or cysteine) and in human serum. Biological activity of the conjugate characterized by the highest 
lipophilicity was estimated by means of Ellman’s method and preliminary biodistribution studies done in mice.  

All conjugates studied showed high stability in all tests. The following distribution coefficients were determined 
between 0.92- 1.56 (the average values from three independent measurements) depending on the length of the aliphatic 
chain. The compound having 7 carbon atoms in the aliphatic chain (n = 7) have the highest lipophilicity (log D = 1.56) 
and satisfactory biological activity (IC50 = 30.4 nM). Biodistribution studies in mice shoved for this conjugate rapid 
decrease of radioactivity in blood, the clearance mainly through the hepatic route and, unfortunately, relatively low 
radioactivity concentration in the brain. 
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The complexation of alpha- beta- and Auger- emitting radionuclides is under investigation for the target delivery of 
them to tumor cells. The search of new effective binding chelating molecules with fast kinetics of complex formation 
should be carried out among H4DOTA analogs as it is currently used for radiopharmaceuticals. Water soluble new 
azamacrocyclic compounds show not only thermodynamic affinity for metal cations but also demonstrate very fast 
complex formation. This work presents complexation study of Y(3+), Lu(3+), Ac(3+) and Bi(3+) by new benzo-diaza-
crown ether ligand, L.  

Stability constants of ML complexes (M = Y(3+), Lu(3+), Ac(3+) and Bi(3+)) are presented in the table. 
Potentiometric titration of aqueous solutions of ligand in the absence and presence of cations was performed in water-
jacketed titration vessel maintained at 25.0±0.1 °C. The formation of 1:1 ML complex was established. The 
protonation constants of the ligand L and the stability constants of the complexes were calculated from the 
electromotive force titration data applying Hyperquad software. Distribution of cation in solution shows than >50 % of 
M(3+) are bound at pH>6.5. For complexation constant determination with Ac(3+), Bi(3+) and Y(3+) competitive 
complexation technique was used. Free Ac(3+) and Y(3+) are completely sorbed by cellulose and uncomplexed Bi(3+) 
is precipitated. Ligand sorption onto cellulose is negligible as determined in separate experiments.  

Table. Stability constants of ML complexes determined in the present work and reference data  

M(3+) Y(3+) Lu(3+) Ac(3+) Bi(3+)  

Reaction L+M(3+) ↔ L(M(3+))  

lgK(ML), potentiometrically 5.94(1) 5.87(1) - -  

lgK(ML), competitive 6.90(1) - 7.02(2) 10.1(1)  

lgK(MDOTA) [1] 24.3 25.5 - 30.3  

R (CN6), A [2] 0.900 0.861 1.12 1.03  

Addition of M(3+) to aqueous solution of ligand leads to hypsochromic shift of band in UV-vis absorption spectra. 
This could be the consequence of crown ether-fragment participation in complexation process. The observed spectral 
change proceeds within 1-2 minutes and is not changing within days that confirm fast complex formation.  

Obtained stability constant values are still less than for M-DOTA complexes but complexation rate is quite fast. Larger 
values of Bi-L complexes are in agreement with M-DOTA complexes. This fact could be associated with smaller 
coordination number for Bi(3+) than for rare earths. That leads to deeper location of bismuth than yttrium in the cavity 
formed by carboxylate and macrocyclic oxygens and nitrogens of the ligand while rare earths usually have capping 
water molecule to complete coordination sphere. Some deviation in stability constants calculated from different 
methods could be associated with different ionic media: KNO3, NaNO3 or NaClO4  

The work is supported by RFBR (project 13-03-01304)  

Literature:  
[1] Viola-Villegas N, Doyle R.P. Coord. Chem. Rev. 2009. V.253. P.1906 [2] Shannon R.D. Acta Cryst A 32. 1976. 
P.751 
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Objectives: In clinical practice, there is a demand for no-carrier-added radionuclides emitting particles of short range 
that demonstrate a therapeutic effect on small neoplastic lesions diffuse over a large area of tissue or tumour 
metastases. Rhodium-105 meets all requirements for application in radionuclide therapy [1] and might be an 
alternative to 177Lu. Tetrathioether crown complexes with 105Rh have been generally considered as candidates for 
radiopharmaceutical precursors to be combined with carrier biomolecules. The aims of our work were: (i) synthesis of 
105Rh labelled bioconjugates with bifunctional acyclic (333S4diAcOH) and cyclic (16S4COOH) tetrathioether ligands 
conjugated to [Tyr3]octreotate, (ii) studies of their properties and (iii) conduction of in vitro experiments on cell line 
AR42J.  

Methods: Rhodium-105 was obtained by neutron activation of ruthenium salt, (NH4)2[Ru(H2O)Cl5], for 8 h with flux 
of 7·1013 n·cm-2·s-1 in the Maria reactor in Świerk, Poland. 105Rh was separated from the ruthenium target material by 
method described previously [2]. Acyclic ligand was synthesised through 1,5,9,13-tetrathiatridecane intermediate and 
16S4COOH by method previously described [3]. The ligands were combined with N-hydroxysuccinimide to obtain 
active esters, which were subsequently conjugated with N-terminus of TATE. The respective products were isolated 
and analyzed by MS, NMR and elemental analysis.  

Results: The bifunctional ligands were synthesized with total reaction yield of 21 % and 1 % for 333S4diAcOH and 
16S4COOH, respectively. The active esters and bioconjugates were obtained in high yield. The last step of synthesis 
was cleavage of Dde protecting group from Lys.  

The complex [RhCl2(16S4COTATE)]+ was obtained as reference material for HPLC. The bioconjugates were labelled 
with 105Rh, their distribution coefficients were measured. For bioconjugate [105Rh(16S4COTATE)]+, the stability in 
PBS, Cys, GSH and human serum was examined, and the kinetics of internalization into AR42J cells was set.  

Conclusions: The use of 105Rh-labelled tetrathioether precursors conjugated to peptides in radionuclide therapy seems 
possible, but requires further biological studies. Good stability of 105Rh-labelled bioconjugate 16S4COTATE in human 
serum with a high degree of its internalization meet the requirements for potential receptor radiopharmaceuticals.  

Research Support: The work has been carried out within the system project “The scientific potential as support to the 
economy of Mazovia - scholarships for doctoral students” under Sub-measure 8.2.2 Human Capital Operational 
Programme 2007-2013.  

References:  
[1] Grazman B., Troutner D. E., (1988) Appl Radiat Isot, 39, 257,  
[2] Krajewski S., Bilewicz A., (2010) J Radioanal Nucl Chem, 285, 293,  
[3] N. Goswami, C. Higginbotham, et al., (1999) Nucl Med Biol, 26, 951. 
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Series of indole-3-acetic acid derivatives substituted in the benzene ring belongs to the natural plant growth hormone – 
auxines, with interesting biological activities (e.g. specific antigen stimulation in atopic allergic disease by interleukin 
4 and 5). They have recently been made via Fisher ring closure of the succin-aldehydic acid phenylhydrazones 
obtained from glutamic acid or direct method where intermediate phenylhydrazones cary out the cyclization in one 
step employing corresponding acetals (e.g. ethyl γ,γ-dimethoxybutyrate) as a starting material. Herein, synthesis of 
indole-3-acetic acid derivatives and its labeled analogues was described via cyclization of substituted phenylhydrazine 
with methyl 4,4-dimethoxybutyrate in two step: the first is addition of acetal on phenylhydrazine in acetic acid the 
second is intramolecular cyclization of intermediate in ethanol catalyzed by addition of concentrated sulphuric acid. 
Both steps were also carried out in microwave reactor with focused power. Obtained esters were hydrolyzed and 
optimal conditions of dehalogenation were studied. Conditions for selective deuteration/tritiation were studied. All 
prepared compound were characterized by spectral data.  

The authors are grateful to grants P305/12/0783 (LH) and C262d (MV), SGS14/084/OHK4/1T/14 (MV). 
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Triterpenes are natural substances obtained by isolation from common species of plants and fruits. Together with its 
semisynthetic derivatives, have different biological effects such as analgesic, antibacterial, antiosteoporotic, 
antihypertensive, antimicrobial, diuretic, antiviral, hepatoprotective, anti-inflammatory or a wide range of antitumor 
activities.  

From this perspective are interesting lupane, oleanane, ursane and taraxastane derivatives. The well-known 
representatives of these compounds are betulin and betulinic acid. In order to increase the cytotoxic activity and retain 
good chemical and pharmacological properties of these compounds were prepared their esters. As most beneficial 
appears acetoxymethyl-esteric group because the cytotoxic activity of these compounds is comparable or even higher 
than the starting acid. For these reasons could be acetoxymethyl esters suitable prodrug and suitable candidates for the 
selective labelling.[1]  

In this work were selective labelled acetoxymethylesters of oleanolic, ursolic, morolic and heterobetulinic acids. For 
this labelling were used hydrogen isotopes and was accomplished by reduction of ketones of previously prepared 
acetoxymethylesters using NaB[2H]4 or NaB[3H]4.[2]  

Partially supported by grants SGS14/084/OHK4/1T/14 (CTU) and C262d (MŠMT).  

[1] URBAN, M.; ŠAREK, J.; TISLEROVÁ, I.; DŽUBÁK, P. & HAJDÚCH, M. (2005). Influence of esterification and 
modification of A-ring in a group of lupane acids on their cytotoxicity. Bioorg. Med. Chem. Vol. 13, No. 19, pp. 5527-
5535, ISSN 0968-0896.  
[2] VLK, M.; URBAN, M.; ELBERT, T. & ŠAREK, J. (2013). Synthesis of selectively deuterated and tritiated lupane 
derivatives with cytotoxic aktivity. J. Radioanal. Nucl. Chem. Vol. 298, No. 2, pp.1149-1157, ISSN 0236- 5731. 
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Natural triterpenoids together with their semisynthetic derivatives form basis for extensive medicinal research, because 
they have shown various biological activities [1], e.g.: antineoplastic, antiviral, anti-inflammatory, antimicrobial 
activities, hepato- and cardioprotective effects; and reveal a great potential for pharmaceutical applications when their 
cytotoxic and anti-HIV activities were described [1,2,3]. Betulinines, as we named the group of semisynthetic 
derivatives, have proved multispectral cytotoxic activity on the panel of several cell tumor lines of different 
histogenetical origin, including multidrug resistance [1,2,3]. One of our leading compoud 3β,28-diacetoxy-18-oxo-
19,20,21,29,30-pentanorlupan-22-oic acid fast and selective apoptosis of tumor cells [3], comparable to conventional 
anticancer drugs – paclitaxel.  

Synthesis of various esters of active triterpenic acids has been described previously to improve cytotoxicity and PK 
parametres. Group of methyl, ethyl, acetoxymethyl, pivaloyloxymethyl and benzyl esters were described and their 
cytotoxicity has been studied in vitro. Selectively labelled analogues of the most cytotoxic active compounds are used 
for the investigation of mechanism of action and binding interactions. As a standard for mass spectroscopy together 33 
deuterated and C-13 labelled methyl esters were synthesized and fully characterized by spectral data.  

Partially supported by grants SGS14/084/OHK4/1T/14 (CTU) and C262d (MŠMT).  
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Nat. Prod. Rep. 2006, 23, 394.  
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1046. [3] J. Sarek, M. Kvasnica, M. Vlk, D. Biedermann in: Pentacyclic Triterpenes as Promising Agents in Cancer 
(Ed: J. A. R. Salvador), NovaPublishing, New York, 2011. 
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Main aim of this study was the revision of the synthetic methods of cisplatin, or cis-diamminedichloroplatinum(II) 
with an outlook to the preparation of 195mPt-labelled complex. [1]  

Historically it was the first member of platinum-containing cytostatic drug. Nowadays carboplatin and oxaliplatin are 
also being used as the non-specific anticancer drugs. Cisplatin reacts with nitrogen in purine and pyrimidine bases of 
DNA molecule, what causes the inhibition of cell division and leads to apoptosis. Cisplatin is used widely especially in 
the combination with other drugs in the treatment of testicular cancer, ovaria cancer, bladder cancer, breast cancer, 
osteosarcoma etc. Since cisplatin acts non-specifically its use is universal, however it has several drawbacks and side 
effects such as nephrotoxicity and sickness. [1]  

Chemically cisplatin is not very stable compound. It is less stable than carboplatin and hydrolyzes in aqueous 
solutions. This can be inhibited by adding excess chloride ions. Also transformation from cis to trans isomer is possible 
due to light sensitivity. The trans isomer has mutagenic properties. [1-4]  

Several articles with detailed synthesis description were found. There are two methods of synthesis and both methods 
were examined. However only one of them was successful. In the future this method will be used in synthesis of 
cisplatin and other platinum complexes with radioactive Pt-195m, which can increase cancer toxicity of studied drugs. 
[2-5]  

The key step in the synthesis of all platinum complexes is the reduction of Pt(IV) to Pt(II), which can be made e.g. 
with hydrazine in aqueous solution of chloroplatinic acid (H2PtCl6) [2-4]. Main reactant for following reactions is 
potassium tertachloroplatinate (K2PtCl4) obtained after reduction. Based on this compound any other platinum 
complexes can be easily prepared. For cisplatin synthesis ammonia solution was used. Difference between two 
methods is in substitution step. To increase the yield of the cis isomer chloride ion can be replaced by iodide. Next step 
is to substitute iodide ions with ammonia. After that iodide should be replaced by chloride by adding silver nitrate. 
Silver iodide precipitate can however cause contamination of the product. [2,4]  

Another method eliminates the step with chloride replacement, but cis and trans isomers are obtained after adding of 
ammonia solution. This isomers can be successfully separated, because of different solubility of cis and trans isomers 
in 0.1M hydrochloric acid.[3] The second method for synthesis was successful. Structure analysis of obtained product 
was performed by MS spectrometry. Yields of this synthesis was not satisfactory, mainly because of problematic 
reduction of Pt(IV). Platinum(II) is unstable compared to metallic platinum and platinum(IV). The reduction step is 
being optimized. Obtained yield was 35 %, what is smaller than published results of 43 % [2], 95 % [3] and 50 % [4], 
but the work was made with micro amounts of platinum (about 20 mg), what made synthesis more complicated.  

References  
[1] KLENER, Pavel. Protinádorová chemotherapie. First edition. Galén Praha, 1996. ISBN 80-85824-36-1.  
[2] JACKSON, H., MCAULIFFE, C.A., PERERA, A., SHARMA H.L. and TINKER N.J.; J. Label. Compds. & 
Radiopharm. 10, 29, 1121-1130 (1991).  
[3] BOOTH, H. S.: Inorganic Syntheses, 7, 1. Ed. Hoboken: John Wiley, 2007, 240 - 242, ISBN 9780470132708.  
[4]. ZEEVAART, J. R., WAGENER, J., MARJANOVIC-PAINTER, B., SATHEKGE, M., SONI, N, ZINN, Ch., 
PERKINS, G. and SMITH, S.V.; J. Label. Compds. & Radiopharm. 56, 9-10, 495-503 (2013).  
[5] LEDDICOTTE, G.W.: The Radiochemistry of Platinum. Oak Ridge National Laboratory, Oak Ridge, Tennessee, 
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In the last two decades, microfluidics and lab-on-a-chip (LOC) technologies have emerged as powerful tool in organic 
chemistry. It shows characteristics like enhanced heat and mass transfer, reduction of reagent consumption, hazardous 
waste and shortening reaction time. Some of them are potentially very favourable also for radiopharmaceutical 
chemistry, and, indeed, their applications in preparing labelled compounds have been attracting more and more 
attention [1-5].  

Our project supported by the Technology agency of the Czech Republic (no. TA02010797) is focused on development 
of PMMA chip and operational platform denoted as AMfS (Automated Microfluidic System). The PMMA chip is 
designed as multi-port inlet and outlet unit consisting of pre-mass heating, channels, mixers and separation layer. The 
objects placed on the PMMA chip are of micrometre dimensions. Fabrication structures of such dimensions can be 
achieved by various methods. We have investigated two of them: the Ion beam writing and CNC machine engraving. 
The latter method allow for easy production of structures on the area of several square centimeters with channels of 
100–1000 μm width and of 10–100 μm depth. The former method using ion beam writing results in structures located 
on smaller area of units or of tens of square millimetres, while channel width and depth can be as low as 5 μm. The 
AMfS is a sort of “infrastructure” for operation variable chips consisted of pumps, injectors, selectors and chip 
manifold. The whole system can be operated up to 40 bars pressure, however, the PMMA chip and manifold is 
designed and tested for operational pressure of more than 125 bars. Flow-rate can be set in a wide range (units of μl to 
units of ml per minute). The final goal is to provide new versatile microfluidic system for radiopharmaceutical research 
and development. 

References: 
[1] M. Elizarov, “Microreactors for radiopharmaceutical synthesis,” Lab on a Chip, vol. 9, no. 10, pp. 1326–1333, 
2009. View at Publisher · View at Google Scholar · View at Scopus 
[2] H. Audrain, “Positron emission tomography (PET) and microfluidic devices: a breakthrough on the microscale?” 
Angewandte Chemie, vol. 46, no. 11, pp. 1772–1775, 2007. View at Publisher · View at Google Scholar  View at 
Scopus 
[3] P. W. Miller, H. Audrain, D. Bender et al., “Rapid carbon-11 radiolabelling for PET using microfluidics,” 
Chemistry, vol. 17, no. 2, pp. 460–463, 2011. View at Publisher · View at Google Scholar · View at Scopus 
[4] G. Pascali, P. Watts, and P. A. Salvadori, “Microfluidics in radiopharmaceutical chemistry,” Nuclear Medicine and 
Biology, vol. 40, no. 6, pp. 776–787, 2013. 
[5] M. Wang, W. Lin, K. Liu, M. Masterman-Smith, and C. K. Shen, “Microfluidics for positron emission tomography 
probe development,” Molecular Imaging, vol. 9, no. 4, pp. 175–191, 2010. View at Publisher · View at Google Scholar 
· View at Scopus 
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EDU-I01, (Id: 428) 
COOPERATION IN EDUCATION AND TRAINING IN NUCLEAR- AND RADIOCHEMISTRY IN EUROPE 

Jan John 

CTU in Prague, FNSPE, Department of Nuclear Chemistry 
jan.john@fjfi.cvut.cz 

 
Any of the potential options for the nuclear power – both the renaissance, if any, or the phase out – will require 
significant numbers of the respective specialists, amongst others the nuclear and/or radiochemists. In parallel, a 
significant demand exists for these specialists in non-energy fields, such as environmental protection, radiopharmacy, 
nuclear medicine, biology, authorities, etc. Since the numbers of staff in teaching and the number of universities with 
facilities licensed for the work with open sources of ionizing radiation has decreased on or sometimes even below the 
critical level, coordination and collaboration are required to maintain the necessary teaching and training capabilities. 

 In this paper, the motivation, history and status of coordination of education and training in nuclear- and 
radiochemistry in Europe will be reviewed and correlated to similar activities in other nuclear fields such as the nuclear 
engineering of radiological protection. The achievements of the Euratom FP7 project “Cooperation In education in 
Nuclear CHemistry (CINCH)” will be described in detail. This description will cover both the status review and the 
development activities of this Collaboration. The proposed long term sustainable strategy for nuclear- and 
radiochemistry education in Europe will be presented. Its main aim is to create conditions for coordination of the 
current fragmented and diverse activities in both the education and training field at both the Ph.D. and undergraduate 
levels. In the education field, the aim is to introduce the EuroMaster in Nuclear and- Radiochemistry quality label 
recognized and guaranteed by EuCheMS - European Association for Chemical and Molecular Sciences. In the training 
field formation of a long-term Euratom Fission Training Scheme (EFTS) is the ultimate goal that should ensure 
availability and quality of the training in this field. These measures are currently under development in a follow-on 
Euratom FP7 project “Cooperation In education and training in Nuclear CHemistry (CINCH-II)”. They are hoped to 
contribute to moving the education and training in nuclear chemistry to a steady and qualitatively new level. 
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The first EU project CINCH (Cooperation in education in nuclear chemistry) 2010-2013 was planning the Euromaster 
degree in nuclear and radiochemistry. The second CINCH project 2013-2016 will implement the degree. According to 
present plans a consortium of European universities will apply for the NRC Euromaster label from the European 
Chemistry Thematic Network (ECTN) which is the body granting Euromaster status labels. The consortium is open for 
all European universities and those universities not participating in the application can join the consortium at a later 
phase. The educational content of the common NRC Euromaster degree will be based on the minimum requirements 
planned out in the first CINCH project (see http://cinch-project.eu/). According to this plan a master’s program eligible 
to NRC Euromaster label should have at least 50 % (60 cu) of its master’s studies on nuclear and radiochemistry. Of 
this 60 credit units at least 10 credit units should be practical exercises and at least 30 credit units should comprise of 
master’s thesis and project work. The educational program should cover most relevant aspects from the following five 
topic areas  

- Radioactivity, radionuclides and radiation  

- Radiation safety  

- Detection and measurement of radiation  

- Chemistry and analysis of radionuclides  

- Nuclear reactions and production of radionuclides  

According to ECTN requirements the content of the educational programs in the NRC Euromaster consortium should 
be similar. Exchange of students between partner universities and organization of common courses, such as summer 
schools, would be required as well. 
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Cooperation in education and training In Nuclear Chemistry - CINCH-II project - aims at coordination of education 
and training schemes in nuclear and radiochemistry (NRC). One of the specific objectives of the project is therefore to 
identify the current level of NRC education in Europe. Surveying universities and various educational programmes 
was started under CINCH-I during the years 2010-2011. Results were published in a report “Nuclear and 
radiochemistry curricula in the European universities” and a list of contact information to the universities/departments 
that were included in the study (http://www.cinch-project.eu/); altogether 69 universities in 22 countries participated in 
this survey. The results showed diversity of the NRC education in Europe. At BSc level NRC is mainly taught in basic 
courses under various educational programmes such as chemistry or environmental sciences. There are only few 
complete programmes, i.e. BSc/MSc degrees in NRC; however, education in the same extent can be attained in various 
specializations under e.g. the degrees MSc in Chemistry or Chemical/Environmental engineering. Majority of these 
specializations are general NRC, one large specified topic is environmental radiochemistry/radioecology. Research 
training and diploma work have a strong role in specialization; however, the extent of specialization varies 
significantly in different educational systems. Furthermore, some countries/universities are only on their way to 
accreditation of the Bologna system. Curriculum in NRC typically reflects research interests of the department. Many 
universities have high level of research and offer possibility to do PhD-work in NRC related fields but have only 
limited education at lower level(s). Collaboration between universities and industry/research units brings education and 
training closer to each other and also effects development of the academic programmes. To have an up-to-date view on 
the current status of the education in NRC the survey is now continued under the CINCH-II project. 
Universities/departments already included in the first report are therefore asked (via their contact persons) to update 
relevant information on their unit, especially concerning changes in the curricula and focus of education in NRC. Other 
interested units can join the survey by sending free-form e-mail or by answering short questions in a questionnaire on 
the project web page. CINCH project partners will also contribute on the current situation in their respective countries. 
Perspectives on the current status of NRC education in Europe will be presented in this talk. Report from the overall 
survey will be published on the project web page by the end of 2015. 
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NUCWIK - NUCLEAR AND RADIOCHEMISTRY TEACHING MATERIAL WiKi 
Jon Petter Omtvedt, Hans V. Lerum 
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An open access database, implemented as a "Wiki" (same technology as e.g. used by Wikipedia [1]) was set up to 
enable university teachers and others to share teaching material and experiences. The basic idea is that teachers and 
institutions will share and co-develop teaching material for Nuclear and Radiochemistry use, in particular calculation 
and laboratory exercises. Furthermore, the Wiki – named NucWik [2] – is an ideal place for sharing experiences and 
discussing how to improve the material further. In this way a lot of work can be saved when setting up a new exercise 
or course: If someone already developed something similar it can either be directly used or at least provide a very good 
starting point for a local implementation. It should be made clear that  

NucWik is not a site intended to be directly used by students. Instead, teachers use it to put together material for their 
teaching. As a long-term goal we also intend to put together a complete Radiochemistry course book, which will be 
freely available from NucWik. NucWik was created as part of the CINCH [3] EU-project, headed by Prof. Jan John, 
with a goal to strengthen training and education in nuclear and radiochemistry in Europe. However, the NucWik 
service is freely available for everybody, regardless if they are outside or inside Europe.  

For any Wiki to be successful, including NucWik, it heavily depends on user participation. Thus, we strongly urge 
teachers to actively contribute with material and input to discussions. Currently (April 2014) only a limited amount of 
material has been uploaded, primarily to demonstrate NucWik’s potential and encourage teachers to contribute.  

An important issue with any database or wiki where material can be freely uploaded is quality control. For NucWik 
this is addressed by implementing a quality control system where we differentiate between documents that has been 
simply uploaded and those that have been “peer reviewed”. Peer reviewed documents have been review by two 
independent scientists from a group appointed by the CINCH consortium. Such documents will be stamped with 
“CINCH approved” and cannot be edited (without undergoing another peer review). In this way NucWik will provide 
an easy and quick way to share and co-develop documents, but also include mechanisms to ensure that trustworthy and 
scientifically sound material can be downloaded with confidence.  

At RadChem’2014 possible uses of NucWik will be demonstrated and its potential as a site for active teaching 
collaboration highlighted. Discussion of and ideas for possible use and future development will be welcomed both after 
the presentation and later.  

[1] Wikipedia® is a registered trademark of the Wikimedia Foundation, Inc., a non-profit organization. Access is 
through http://wikipedia.org.  
[2] http://nucwik.wikispaces.com  
[3] CINCH – “Cooperation in Education and Training in Nuclear Chemistry” is a FP7 EU-funded coordinated action 
supported by the European Atomic Energy Community's 7th Framework Program (EURATOM FP7 2007-2011) under 
grant agreement No. 605173, see http://cinch-project.eu for details. 
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Technetium and the actinides are radioelements of importance to the nuclear fuel cycle. Compounds composed of these 
elements are used in nuclear fuel, separations, safeguard applications, and isotope utilization. These radioelements also 
represent an underexplored section of the periodic table. Studies on compounds with technetium and the actinides 
provide opportunities to expand basic chemical knowledge, particularly when coupled with computational studies. 
Performing experiments with these elements requires specialized facilities and radiochemical expertise. The training of 
students and scientific rewards for examining this relatively unexplored area of the periodic table are worth the 
intrinsic difficulties associated with experiments using these elements. The radiochemistry program at the University 
of Nevada, Las Vegas is described, with emphasis given to the facilities, education mission, and collaborations. The 
linkage of the UNLV radiochemistry program with DOE and international research efforts is presented. Examples are 
provided on separations, fuel synthesis, and waste form studies. The incorporation of internet lectures with a laboratory 
intensive program for undergraduates is also described. The undergraduate program has been demonstrated as an 
effective pipeline for student recruitment to graduate programs. 
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PRACTICAL EXPERIENCE IN THE SCIENTIFIC AND EDUCATIONAL ACTIVITIES OF RADIOACTIVE 
WASTE MANAGEMENT AT FSUE "RADON" 
Olga Gorbunova, Olga Karlina, Еlena Diordii, Irina Semenova, Aneliya Vitanova 
FSUE "RADON" 
olg-gorbunova@yandex.ru  

 
Federal State Unitary Enterprise (FSUE) "RADON" is a multifunctional scientific-industrial complex, meeting the 
international standards of Quality Management System ISO 9001 and Environmental Management Systems 14001. 
More than 50 years, the enterprise successfully carries out the entire technological complex of services on radiation 
monitoring, decontamination of contaminated areas, collection, transportation, processing, conditioning, long-term 
storage (disposal) of radioactive waste of low and intermediate level of radioactivity, and the safety assurance of near-
surface storage of radioactive waste. FSUE "Radon" has a unique research-industrial, industrial, experimental and 
laboratory equipment to carry out education as training courses on the technological processes, covering all stages of 
radioactive waste treatment The value of the technological support of the educational process in FSUE "RADON" is in 
the continuous improvement of the equipment and technology in the center of Research and Development, and in the 
scientific development and implementation of new methods and devices. It is not less important that the lectures and 
practical sessions involved staff members of the FSUE "RADON", and as a rule, they are developers representing the 
technologies and authors of the regulations, procedures, patents. In the late 90's under the IAEA guidance on the basis 
of the Scientific and Production complex of the enterprise «RADON» in Sergiev Posad Moscow region was 
established an inter-regional Educational Center for training specialists from Eastern Europe and former CIS countries 
in the field of radioactive waste treatment. With time the "geography" of students has been extended, and for 20 years 
of research and technical training, theoretical and practical training courses took place more than 500 specialists. The 
IAEA representatives put forward the requirements for the organization of courses, which includes defined themes, 
visa support, transport services, accommodation, food and cultural program. Our Educational and Training Center 
perfectly meet these requirements, what brought us the reputation of a reliable partner and a wealth of experience in 
organizing large-scale multidisciplinary educational activities. The FSUE "RADON" holds scientific and practical 
training for the employees working in the nuclear industry of Russia, as well as training for improving the skills of 
their own staff and for adaptation of the young professionals to the specifics of the production. Adaptive introductory 
courses not directly associated with the processing of radioactive waste are held for the personnel. They include a tour 
to the technological installations and storage of radioactive waste and lectures by leading experts on technology of 
radioactive waste treatment. Over the past decade, the company has managed to reach the leading positions in the 
country in the field of radioactive waste treatment. Today, the FSUE "RADON" is a competence center of the State 
Corporation "ROSATOM" in the field of radioactive waste management, with a high level team of specialists, 
including 11 doctors and 65 candidates of science. The specialists of the company are actively engaged as experts for 
solving various technical problems and expertise of international projects. Having a unique research and industrial 
complex and high-level specialists, the FSUE "Radon" successfully performs the task of advanced training and 
professional retraining of domestic industry specialists and foreign students. 
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A LABORATORY EXERCISE ON SYSTEMATIC EFFECTS IN GAMMA SPECTROMETRY 
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High resolution gamma spectrometry is a powerful method for the measurement of gamma emitting radionuclides. It 
requires most often only a minimum of sample pre-treatment. Moreover, gamma spectrometry is often considered as a 
transparent measurement method and is for that reason well understood by the users. However, often sample density 
and composition is different compared to standards used for the calibration of the measurement system. Another 
example of deviations between the calibration standard and the sample is when the sample container not can be filled 
to the same volume as the standard. Moreover, measurement of radionuclides emitting gamma photons in cascade, 
such as 134Cs, will suffer from true coincidence summing (TCS) effects when the samples are measured close to the 
detector. These systematic effects will often be significant, and have therefore to be corrected.  

Everyday users of gamma spectrometry, at measurement laboratories such as within the nuclear industry, might be 
aware of these situations causing systematic effects and therefore deviations in the measurement results. However, 
methods for the correction of systematic effects are still rarely implemented in routine laboratories. One attempt to 
improve this situation was to develop a laboratory exercise for students in a master’s course in nuclear chemistry. A 
spectrum containing peaks from 137Cs and 134Cs with an activity ratio of one was given to the students. The task 
comprised to evaluate the spectrum with respect to activity of the two radionuclides as well as their activity ratio. First 
this was done without correction. With the use of a program, EFFTRAN, for calculation of e.g. efficiency transfer 
factors and correction factors for true coincidence summing effects (TCS), the students could thereafter calculate the 
corrected activity of 134Cs as well the corrected activity ratio. Moreover, the effect of sample-to-endcap distance on 
TCS was also evaluated. A third and last task in the exercise was to perform efficiency transfer for cases when volume 
differed between calibration standard and sample. The use of a calculation program, such as EFFTRAN, enables to 
illustrate the impact from the systematic effects on measurements with gamma spectrometry. The programs also allow 
the students to gain a deeper understanding regarding which parameters has the greatest influence on different effects 
and in which energy regions. 
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Universiti Kebangsaan Malaysia (UKM)also known as the National University of Malaysia offered an undergraduate 
and postgraduate degree programmes in Nuclear Science since 1983. The program has undergone several 
modifications due to changes in national policy and priority. The program covers nuclear sub-disciplines such as 
nuclear physic, radiobiology, radiochemistry, radiation chemistry and radiation safety. To graduate with a Bachelor of 
Science in Nuclear Science students are required to pass a total of at least 120 credits comprising of 20 credits of 
university courses and 100 credits of compulsory courses or core courses and electives. The radiochemistry component 
of the programme consists of radiochemistry, chemistry in nuclear industry, radiochemical analysis laboratory, 
radiopharmaceutical chemistry, and mini research project in radiochemistry. The radiochemistry components of the 
graduate programme cover specific topics on radiochemical separation, radioactive waste management, transuranium 
chemistry and environmental radioactivity. Radiochemistry research projects for PhD or MSc degrees include 
development of radiochemical neutron activation analysis, application of neutron activation, radioisotope production 
and radiopharmaceutical synthesis. 
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The lack of the technically educated specialists is the problem concerning the whole Europe. The problem is strongly 
felt in the field of nuclear power engineering. There are for two main reasons responsible for the current situation. The 
first is lack of interest of the potential students in the study in technical fields. The second one is the long term problem 
related to the generation exchange of the specialists. Taking into account the problems mentioned, Czech technical 
universities decided to establish a Central European Energy Institute which is aiming at providing a sustainable, 
interdisciplinary and practical teaching programme for highly educated specialists in nuclear power engineering. Such 
concept is supported in the framework of Operation Programme Education for Competitiveness supported by the 
Czech Ministry of Education Youth and Sports. Key activity of the project is to ensure the innovation of the nuclear 
power engineering study programmes in all three levels (Bc, MSc and PhD study programme) including formation of 
new educational materials and introduction of E-learning system. An integral part of the educational programmes of 
the Institute will be curriculum in nuclear chemistry. It will aim to give the students – future engineers – indispensable 
radiochemical background with the emphasis on the chemistry of operation of nuclear power plants, technology of the 
fuel cycle of nuclear power stations and the waste management and treatment. 
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