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7GENERAL INFORMATION

GENERAL INFORMATION

The Institute of Nuclear Chemistry and Technology (INCT) is Poland’s leading research 
institution in the fi elds of nuclear and radiation chemistry, and radiobiology. Scientifi c 
activities of the INCT are dedicated to a wide range of nuclear topics, involving basic and 
applied research. Basic research is focused on separation processes of actinides and lan-
thanides, novel radiopharmaceuticals, radiation effects in molecules of biological impor-
tance, cells and polymers. With its six electron accelerators, the Institute is one of the most 
advanced centres in the fi eld of electron beam applications. The various types of accel-
erators are used for radiation sterilization of medical devices and transplantation grafts, 
modifi cation of polymers, removal of SO2 and NOx from fl ue gases, and for food irradia-
tion. 

The INCT Scientifi c Council has the right to confer D.Sc. and Ph.D. degrees in the 
fi eld of chemistry. In 2017, one D.Sc. and six Ph.D. theses were defended in the INCT.

The Institute’s expertise and infrastructure made possible the participation in nu-
merous international and domestic projects. In 2017, the INCT started research activity 
in four projects of the EU programme Horizon 2020, in which leading European insti-
tutes and industrial companies participate: 
• ARIES: Accelerator research and innovation for European science and society;
• GENIORS: GEN IV integrated oxide fuels recycling strategies;
• TeamCABLES: European tools and methodologies for an effi cient ageing management 

of nuclear power plant cables;
• CHANCE: Characterization of conditioned nuclear waste for its safe disposal in Europe.
Besides, four large projects of the National Centre for Research and Development (NCBR) 
were carried out, including the specially important for environmental protection project 
TANGO 2 “Plasma technology for removal nitrogen oxides from fl ue gases”.
There were also 14 projects of the National Science Centre (NCN) led by the INCT re-
searchers, majority of them dedicated to the development of new radiopharmaceuticals 
for medical diagnosis and therapy.

As the Collaborating Centre in Radiation Technology and Industrial Dosimetry of the 
International Atomic Energy Agency (IAEA), the Institute coordinated a large-scale inter-
comparison test on alanine dosimetry measurements for electron beam and gamma irra-
diations in which 10 European countries participated. Under the framework of the IAEA 
Coordinated Research Programme, the INCT researchers took part in 10 IAEA projects 
cooperating with scientists from numerous countries all over the world. Together with the 
IAEA, in the framework of ARIES project, the INCT organized the conference “Summer 
School on Advanced Application of Electron Beam Accelerators” in which 40 scientists 
from 14 countries participated. The other conferences or seminars organized in 2017 con-
cerned developments and applications of nuclear technologies (together with AGH Uni-
versity of Science and Technology, Kraków, Poland) and radiation modifi cations of poly-
mers.

For the Ministry of Energy, the INCT prepared two reports important for develop-
ment of Polish nuclear energy programme:
• the analysis of nuclear waste and burnt fuel treatment in Poland,
• the analysis of ionizing radiation applications in Polish industry together with recom-

mendations for Polish enterprises.
In 2017, the INCT scientists published 80 papers, including 60 publications in scien-

tifi c journals with an impact factor (IF). 
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MANAGEMENT OF THE INSTITUTE

MANAGING STAFF OF THE INSTITUTE

Director
Prof. Andrzej G. Chmielewski, Ph.D., D.Sc.

Deputy Director for Research and Development
Prof. Jacek Michalik, Ph.D., D.Sc.

Deputy Director of Finances
Wojciech Maciąg, M.Sc.

Deputy Director of Maintenance and Marketing
Roman Janusz, M.Sc.

Accountant General
Maria Małkiewicz, M.Sc.

HEADS OF THE INCT DEPARTMENTS

• Centre for Radiation Research and Technology
Zbigniew Zimek, Ph.D.

• Centre for Radiochemistry and Nuclear 
Chemistry
Prof. Grażyna Zakrzewska-Kołtuniewicz, 
Ph.D., D.Sc.

• Centre for Radiobiology and Biological 
Dosimetry
Prof. Marcin Kruszewski, Ph.D., D.Sc.

• Laboratory of Nuclear Control Systems 
and Methods
Jacek Palige, Ph.D. 

• Laboratory of Material Research
Wojciech Starosta, Ph.D.

• Laboratory of Nuclear Analytical Methods
Halina Polkowska-Motrenko, Ph.D., D.Sc., 
professor in INCT

• Stable Isotope Laboratory
Ryszard Wierzchnicki, Ph.D.

• Pollution Control Technologies Laboratory
Yongxia Sun, Ph.D., D.Sc., professor in INCT

• Laboratory for Detection of Irradiated Food
Grażyna Liśkiewicz

• Laboratory for Measurements of Technological 
Doses
Anna Korzeniowska-Sobczuk, M.Sc.

SCIENTIFIC COUNCIL (2015-2017)

1.  Prof. Aleksander Bilewicz, Ph.D., D.Sc.
Institute of Nuclear Chemistry and Technology

2.  Prof. Krzysztof Bobrowski, Ph.D., D.Sc.
Institute of Nuclear Chemistry and Technology

3.  Prof. Ewa Bulska, Ph.D., D.Sc.
University of Warsaw

4.  Sylwester Bułka, M.Sc.
Institute of Nuclear Chemistry and Technology

5.  Prof. Andrzej G. Chmielewski, Ph.D., D.Sc.
Institute of Nuclear Chemistry and Technology

6.  Tomasz Ciach, Ph.D., D.Sc., professor in WUT
Warsaw University of Technology

7.  Prof. Jan Czesław Dobrowolski, Ph.D., D.Sc.
Institute of Nuclear Chemistry and Technology

8.  Prof. Rajmund Dybczyński, Ph.D., D.Sc.
Institute of Nuclear Chemistry and Technology
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9.  Prof. Zbigniew Florjańczyk, Ph.D., D.Sc.
(Chairman)
Warsaw University of Technology

10.  Prof. Zbigniew Galus, Ph.D., D.Sc.
University of Warsaw

11.  Prof. Janusz Gołaszewski, Ph.D., D.Sc.
University of Warmia and Mazury

12.  Prof. Henryk Górecki, Ph.D., D.Sc.
Wrocław University of Technology

13.  Edward Iller, Ph.D., D.Sc., professor in NCBJ
National Centre for Nuclear Research

14.  †Michał Jamróz, Ph.D., D.Sc., professor 
in INCT
Institute of Nuclear Chemistry and Technology

15.  Prof. Marek Janiak, Ph.D., D.Sc.
Military Institute of Hygiene and Epidemiology

16.  Rafał Kocia, Ph.D.
Institute of Nuclear Chemistry and Technology

17.  Prof. Marcin Kruszewski, Ph.D., D.Sc.
(Vice-chairman)
Institute of Nuclear Chemistry and Technology

18.  Krzysztof Kulisa, Eng.
Institute of Nuclear Chemistry and Technology

19.  Prof. Anna Lankoff, Ph.D., D.Sc.
Institute of Nuclear Chemistry and Technology

20.  Prof. Marek Wojciech Lankosz, Ph.D., D.Sc.
AGH University of Science and Technology

21.  Prof. Jacek Michalik, Ph.D., D.Sc.
Institute of Nuclear Chemistry and Technology

22.  Wojciech Migdał, Ph.D., D.Sc., professor 
in INCT
Institute of Nuclear Chemistry and Technology

23.  Prof. Jarosław Mizera, Ph.D., D.Sc. 
Warsaw University of Technology

24.  Prof. Jan Namieśnik, Ph.D., D.Sc. 
Gdańsk University of Technology

25.  Prof. Jerzy Ostyk-Narbutt, Ph.D., D.Sc.
Institute of Nuclear Chemistry and Technology

26.  Andrzej Pawlukojć, Ph.D., D.Sc., professor 
in INCT
Institute of Nuclear Chemistry and Technology

27.  Halina Polkowska-Motrenko, Ph.D., D.Sc., 
professor in INCT
(Vice-chairman)
Institute of Nuclear Chemistry and Technology

28.  Marek Pruszyński, Ph.D.
Institute of Nuclear Chemistry and Technology

29.  Grażyna Przybytniak, Ph.D., D.Sc., professor 
in INCT
Institute of Nuclear Chemistry and Technology

30.  Prof. Janusz Rosiak, Ph.D., D.Sc.
Technical University of Łódź

31.  Yongxia Sun, Ph.D., D.Sc., professor in INCT
Institute of Nuclear Chemistry and Technology

32.  Prof. Marek Trojanowicz, Ph.D., D.Sc.
Institute of Nuclear Chemistry and Technology

33.  Lech Waliś, Ph.D.
Institute of Nuclear Chemistry and Technology

34.  Maria Wojewódzka, Ph.D.
Institute of Nuclear Chemistry and Technology

35.  Prof. Grażyna Zakrzewska-Kołtuniewicz, Ph.D., 
D.Sc.
(Vice-chairman)
Institute of Nuclear Chemistry and Technology

HONORARY MEMBERS OF THE INCT SCIENTIFIC COUNCIL (2015-2017)

1. Prof. Sławomir Siekierski, Ph.D.
2. Prof. Zbigniew Szot, Ph.D., D.Sc.

3. Prof. Irena Szumiel, Ph.D., D.Sc.

SCIENTIFIC COUNCIL (2017-2021)

1.  Krzysztof Bajdor, Ph.D.
Institute of Industrial Organic Chemistry

2.  Prof. Aleksander Bilewicz, Ph.D., D.Sc.
Institute of Nuclear Chemistry and Technology

3.  Prof. Krzysztof Bobrowski, Ph.D., D.Sc.
Institute of Nuclear Chemistry and Technology

4.  Prof. Ewa Bulska, Ph.D., D.Sc.
University of Warsaw

5.  Prof. Andrzej G. Chmielewski, Ph.D., D.Sc.
Institute of Nuclear Chemistry and Technology

6.  Andrzej Cholerzyński, M.Sc.
ZUOP Radioactive Waste Management Plant

7.  Danuta Ciechańska, Ph.D., D.Sc., professor 
IBWCh
Institute of Biopolymers and Chemical Fibres

8.  Prof. Jan Czesław Dobrowolski, Ph.D., D.Sc.
Institute of Nuclear Chemistry and Technology
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9.  Prof. Rajmund Dybczyński, Ph.D., D.Sc.
Institute of Nuclear Chemistry and Technology

10.  Prof. Zbigniew Florjańczyk, Ph.D., D.Sc.
(Chairman)
Warsaw University of Technology
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Institute of Nuclear Chemistry and Technology
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Central Laboratory for Radiological Protection

17.  Prof. Marcin Kruszewski, Ph.D., D.Sc.
(Vice-chairman)
Institute of Nuclear Chemistry and Technology

18.  Krzysztof Kurek, Ph.D., D.Sc., professor in NCBJ
National Centre for Nuclear Research

19.  Prof. Anna Lankoff, Ph.D., D.Sc.
Institute of Nuclear Chemistry and Technology

20.  Prof. Marek Wojciech Lankosz, Ph.D., D.Sc.
AGH University of Science and Technology

21.  Prof. Andrzej Marcinek, Ph.D., D.Sc.
Lódź University of Technology

22.  Prof. Tomasz Matulewicz, Ph.D., D.Sc.
University of Warsaw
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Institute of Nuclear Chemistry and Technology

24.  Wojciech Migdał, Ph.D., D.Sc., professor 
in INCT
Institute of Nuclear Chemistry and Technology

25.  Prof. Jarosław Mizera, Ph.D., D.Sc. 
Warsaw University of Technology

26.  Prof. Eugeniusz Molga, Ph.D., D.Sc.
Warsaw University of Technology

27.  Prof. Jan Namieśnik, Ph.D., D.Sc. 
Gdańsk University of Technology

28.  Prof. Jerzy Ostyk-Narbutt, Ph.D., D.Sc.
Institute of Nuclear Chemistry and Technology

29.  Dariusz Pogocki, Ph.D., D.Sc., professor 
in INCT
Institute of Nuclear Chemistry and Technology

30.  Halina Polkowska-Motrenko, Ph.D., D.Sc., 
professor in INCT
Institute of Nuclear Chemistry and Technology

31.  Grażyna Przybytniak, Ph.D., D.Sc., professor 
in INCT
Institute of Nuclear Chemistry and Technology

32.  Prof. Krzysztof Rusek, Ph.D., D.Sc.
University of Warsaw

33.  Józef Sobolewski, Ph.D.
Ministry of Energy, Department of Nuclear Energy
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Institute of Nuclear Chemistry and Technology
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Warsaw University of Technology

HONORARY MEMBERS OF THE INCT SCIENTIFIC COUNCIL (2017-2021)

1. Prof. Sławomir Siekierski, Ph.D. 2. Prof. Irena Szumiel, Ph.D., D.Sc.
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CENTRE CENTRE 
FOR RADIATION RESEARCH FOR RADIATION RESEARCH 

AND TECHNOLOGYAND TECHNOLOGY

The electron beams (EB) offered by the Centre for Radiation Research and Technology lo-
cated at the Institute of Nuclear Chemistry and Technology (lNCT) are dedicated to basic 
research, R&D study, and practical applications of radiation technology. 

The Centre, in collaboration with the universities from Poland and abroad, applies EB tech-
nology to fundamental research on electron beam-induced chemistry and the transformation 
of materials. Research in the fi eld of radiation chemistry includes studies on the mechanism 
and kinetics of radiation-induced processes in liquid and solid phases by the pulse radiolysis 
method. The pulse radiolysis experimental set up allows for direct time-resolved observation 
of short-lived intermediates (typically within the nanosecond to millisecond time domain), 
and is complemented by steady-state radiolysis, stopped-fl ow absorption spectrofl uorimetry, 
and product analysis using chromatographic methods. Studies on radiation-induced interme-
diates are dedicated to the processes of energy and charge transfer, to radical reactions in 
model compounds of biologically relevant aromatic thioethers, peptides and proteins, and also 
to the observation of atoms, clusters, and radicals by electron paramagnetic resonance (EPR) 
and electron nuclear double resonance (ENDOR). Further, these studies are also focused on 
research problems in nanophase chemistry and the radiation-induced crosslinking of selected 
and/or modifi ed polymers and copolymers. 

This research has a wide range of potential applications, including creating more environ-
mentally friendly and sustainable packaging, improving product safety, and modifying mate-
rial properties. Electron accelerators provide streams of electrons to initiate chemical reac-
tions or break down chemical bonds more effi ciently than the existing thermal and chemical 
approaches, thus helping to reduce energy consumption and thereby decrease the cost of the 
processes. The Centre currently offers fi ve electron accelerators to study the effects of accel-
erated electrons on a wide range of chemical compounds with a focus on electron beam-in-
duced polymerization, polymer modifi cation, and the controlled degradation of macromol-
ecules. EB technology has great potential to promote innovation, including new ways to save 
energy and reduce the use of hazardous substances, as well as to enable more eco-friendly 
manufacturing processes. 

Advanced EB technology offered by the Centre provides a unique platform to be used for 
some of the following applications: sterilization of medical devices, pharmaceutical materials, 
shelf-life extension food products, advanced polymer materials, air pollution removal technol-
ogy, and others. EB accelerators replace frequently thermal and chemical processes for cleaner, 
more effi cient, lower cost manufacturing. 

The Centre offers EB in the energy range of 0.2 to 10 MeV with an average beam power up 
to 20 kW and three laboratory-size gamma sources with Co-60. Research activity is supported 
by unique laboratory equipment such as: 
• nanosecond pulse radiolysis and laser photolysis set-ups, 
• stopped-fl ow experimental set-up, 
• EPR spectroscopy for solid materials investigation, 
• pilot installation for polymer modifi cation, 
• experimental stand for removal of pollutants from gas phase, 
• polymer characterization laboratory, 
• pilot facility for radiation sterilization, polymer modifi cation, and food product processing. 

The unique technical core makes it possible to organize a wide internal and international 
cooperation in the fi eld of radiation chemistry and radiation processing including programmes 



supported by the European Union and the International Atomic Energy Agency (IAEA). It 
should be noted that currently there are no other suitable European experimental platforms 
for the study of radiation chemistry, physics and radiation processing in a full range of elec-
tron energy and beam power. 

Since 2010, at the INCT and based on the Centre for Radiation Research and Technology, 
an IAEA Collaborating Centre for Radiation Processing and Industrial Dosimetry is function-
ing. That is the best example of the capability and great potential of concentrated equipment, 
as well as of the employed  methods and staff working towards the application of innovative 
radiation technology. 
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PARAMAGNETIC DEFECTS IN GRAPHENE OXIDE IRRADIATED 
WITH AN ELECTRON BEAM 

Grażyna Przybytniak, Jarosław Sadło, Małgorzata Dąbrowska, Bożena Sartowska

Studies on graphene and its derivatives are ob-
jects of interest for many researchers representing 
various disciplines. Radiation chemistry provides 
the specifi c tools that are able to enhance our cur-
rent understanding of the features of these unique 
materials, answering questions about the nature 
of the interactions between high energy electrons 
and the layered structure of graphene. 

So far, the issue of whether high energy elec-
trons decrease or increase the order in the struc-
tures of graphene (G) or graphene oxide (GO) 
remains unresolved [1, 2]. Previous studies on 

carbon nanotubes showed that the effect might 
be a function of temperature, as in the range of 
200-300oC a reduction in the number of the lattice 
defects was confi rmed, whereas at ambient tem-
perature their population was raised signifi cantly 
[3]. Similar phenomena might be expected in G 
and GO. These problems are important because 
irradiation might infl uence electron transfer and 
heat conductivity throughout GO lattices, as well 
as the content of chemical groups. 

The general objective of the research was to 
determine the effects initiated by ionizing radia-
tion in GO with regards to the qualitative and 
quantitative changes in the population of para-
magnetic defects. Graphene oxide was synthesized 
at the Institute of Electronic Materials Technology 
(ITME) using a modifi ed Hummers’ method [4]. 
Changes induced by a 10 MeV electron beam gen-
erated in an Elektronika accelerator (Institute of 
Nuclear Chemistry and Technology, INCT) were 
monitored by electron paramagnetic resonance 
(EPR) spectroscopy, scanning electron microscopy 
(SEM) and thermogravimetric analysis (TGA) 
methods.

The SEM images presented in Fig. 1 reveal the 
morphology of graphene oxide. The porous struc-
ture was constructed from thin GO fl akes. The 
multilayered structures of large, wrinkled surfaces 
had a thickness which depended on the number 
of stacked sheets. As seen from the SEM images, 
the GO fl akes showed a thickness of about 20 
nm. The wrinkles on the surfaces were probably 
formed during synthesis of the carbon nanostruc-
tures. The images of the material did not change 
noticeably upon electron beam irradiation with 
doses up to 1200 kGy, which indicated a negligible 
infl uence of electrons on the morphology of GO. 

During heating in an air atmosphere, GO de-
cayed showing three characteristic stages (Fig. 2). 
At temperatures below 150oC, water and weakly 
bound functional groups were emitted. The second 
step, around 200oC, was attributed to the release 

Fig. 1. SEM images of graphene oxide with different mag-
nifi cations.

Fig. 2. TGA and DTG (derivative thermogravimetric ana-
lysis) relationships of GO determined in an air fl ow.
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of labile oxygen-containing groups, predominant-
ly CO and CO2. After a mass loss of about 35%, 
the rest of the functional groups were separated 
from each other and needed higher temperatures 
to be removed [5]. They were emitted simultane-
ously with thermal oxidation of the carbon lattice 
occurring in the last stage of decomposition. In 
this case, differences in the thermograms of irra-
diated and non-irradiated GO were negligible.

EPR spectroscopy of GO disclosed all the para-
magnetic defects in graphene oxide (Fig. 3A). At 
low microwave power (1 mW), only a narrow sin-
glet was observed with a peak-to-peak linewidth 
of about 0.22 mT and g = 2.0029. As shown in 
Fig. 4, the initial intensity of the spectrum in-
creased with the doses used. The spectral para-
meters remained almost the same, whereas the 
height of the signals increased signifi cantly. How-
ever, for doses over 200 kGy, the population of 
paramagnetic defects did not change signifi cantly. 
When the microwave power was increased up to 
100 mW, additional low- and high-fi eld wings 
separated by H = 1.28 mT appeared, while the 
central singlet became wider and partly saturated 
(Fig. 3B).

Based on the analysis of the EPR spectra we 
concluded that:
• There are at least two types of paramagnetic 

defects in graphene oxide, situated either at the 
edges of the GO fl akes or on their surfaces.

• The wider signal might be tentatively assigned 
to defects in which unpaired spin interacts with 
oxygen atoms. Spectra attributed to such struc-
tures are usually broader and insensitive to 
microwave power saturation.

• Electron beam irradiation initially increases the 
population of paramagnetic centres. Their na-
ture is similar to the defects existing before ex-
posure to ionizing radiation because although 
the intensity of the EPR spectra increases, the 
signal parameters remain unchanged.

• Electrons are presumably trapped by the pre-
-existing non-paramagnetic defects. 

• As seen from EPR spectra, upon absorption of a 
dose greater than 200 kGy the amount of para-
magnetic centres reaches a plateau. It seems 
that with increasing doses the number of suit-
able defects playing the role of electron traps is 
reduced, which results in more effi cient recom-
bination of electrons due to a cage effect. The 
process might be enhanced by repulsion from 
other captured electrons.
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Fig. 4. Relative content of paramagnetic centres in GO ir-
radiated with various doses determined by double integra-
tion of the experimental signals. 
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RADIATION MODIFIED ELASTOMERIC COMPOSITES 
FOR EMC MICROWAVE ABSORBER

Wojciech Głuszewski1/, Maria Rajkiewicz2/, Roman Kubacki3/
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2/ Institute for Engineering of Polymer Materials and Dyes, Toruń, Poland 

3/ Faculty of Electronics, Military University of Technology, Warszawa, Poland 

EMC (electromagnetic compatibility) is the branch 
of electrical engineering concerned with the un-
intentional generation, propagation and reception 
of electromagnetic energy, which may cause un-
wanted effects such as electromagnetic interfer-
ence (EMI) or even physical damage to opera-
tional equipment. The goal of EMC is the correct 
operation of various types of equipment in a 
common electromagnetic environment. EMC ab-
sorbers tested by the Military University of Tech-
nology used elastomer sheets containing magnetic 
material. They include species targeted to absorb 
specifi c frequency bands, as well as components 
that absorb noise across a wide frequency band.

In some circumstances, there is a need to per-
form an electromagnetic compatibility investiga-
tion not in a specialized anechoic chamber, but in 
an open space. However, the typical absorbers 
used in anechoic chambers to absorb the incident 
radiation and to reduce the refl ected rays from 
walls and fl oor, such as ferrite tiles and graphite 
cones, are not suitable for use in open spaces. In 
this work, the design and investigation of an ab-
sorbing material intended to be used to make 
tents or to produce other light and portable con-
structions are described. The proposed composite 
material has good absorbing properties as well as 
low refl ectivity. 

Radiation techniques have been used to modify 
both electronic materials [1] and polymers [2]. In 
the above example, both processes were combined. 
The aim of the study was to fi nd new microwave 
absorbing materials with the following parameters: 
reduced weight compared to typical ferrites, elas-
ticity, the possibility of being used on the ground 
outdoors and mechanical resistance to stress and 
strain, e.g. driving with a motor vehicle. Engage™ 
polyolefi n elastomers (POEs) of the ethylene/oc-
tene or ethylene/butene type were selected for 
testing as composite matrices [3]. It was assumed 
that suitable composite materials would be based 
on a new generation of compounds containing 
ferromagnetic components that exhibit very good 
damping properties for electromagnetic radiation 
over a wide frequency range. Various compositions 
of materials were measured, and the following 
composition was selected as the fi nal one: metallic 
glass (70%) with graphite admixture (1%) and 
Engage 8200 elastomer (29%). 

A new composite material, based on a nano-
crystalline-amorphous alloy based on iron, was 
used to synthesize a new absorber. Nanocrystal-
line alloys are very attractive soft magnetic mate-
rials. Metallic glass is used as a precursor to pro-
duce nanocrystalline alloys. A nanocrystalline 
alloy with a composition of Fe73.5Si13.5B9Nb3Cu1 

(FINEMET), formed by Yoshizawa et al. [4], was 
the fi rst alloy of this type, and was used as the 
absorbing material in this work. The quenched, 
amorphous ribbon was annealed for 1 h at a tem-
perature of 550oC to induce partial crystalliza-
tion, allowing us to obtain a mean grain size of 
10-15 nm. Afterwards, the annealed ribbon was 
crushed and ball milled to obtain a powder with a 
particle size of 25-50 m (Fig. 1). 

To obtain improved electrical properties, the 
nanocrystalline alloy powder was mixed with 
graphite. In addition, in order to improve the ab-
sorption properties of the metallic glass, it was 
radiation modifi ed with a dose of 100 kGy.

Previously, the authors investigated the effect 
of various crosslinking methods (peroxide, ioniz-
ing radiation, ionizing radiation/peroxide and per-
oxide/ionizing radiation) on the properties of the 
elastomer. 

The properties of Engage 8200 are the follow-
ing: melt index (190oC/2.16 kg) – 5.0 dg/min; 
density – 0.870 g/cm3; Mooney viscosity – 8 ML 
(1 + 4) at 121oC; ultimate tensile strength – 5.7 
MPa; ultimate tensile elongation – 1100%; 100% 
Modulus – 2.3 MPa; hardness, Shore A (1 s) – 66, 
Shore D (1 s) – 17; tear strength type C – 37.1 
kN/m; Vicat softening point – 37oC; DSC melting 
point, 10oC/min rate – 59oC (Dow method); glass 
transition temperature – 53oC (Dow method); Tc 
peak – 4oC (Dow method).

Initial studies on the effect of radiation dose 
on the elastomer properties were carried out. 

Fig. 1. Comparison of (A) the crystalline structure with 
(B) the amorphous structure of the metallic glass.

A

B



20 CENTRE FOR RADIATION RESEARCH AND TECHNOLOGY

Finally, the elastomer was crosslinked with a dose 
of 50 kGy. The measurements (tensile strength, 
modulus hardness, Shore A, elongation at break, 
permanent elongation and compression set) were 
performed in a certifi ed laboratory at the Institute 
for Engineering of Polymer Materials and Dyes 
(PCA accreditation certifi cate No. AB 147 for the 
inspection of raw materials, blends and thermo-
plastic elastomers). The work was performed in 
accordance with Polish ISO standards. The test 
results are summarized in Table 1.

To analyse the electrical properties of the ab-
sorber, to see whether it fulfi ls the desired electro-
magnetic requirements, the constitutive material 
parameters should be determined. The electro-
magnetic properties of an isotropic material can 
be described macroscopically by scalar material 
properties in term of relative complex permittivity 
() and permeability ():

 = ’ – j”
 = ’ – j”

where: ’ – the electric constant, ’ – the magnetic 
constant, ” – the electric loss factor, ” – the 
magnetic loss factor and j – the imaginary number.

The permittivity and permeability broadband 
measurements of materials are commonly perform-
ed using coaxial fi xtures. The basic measurements 
are based on the scattering parameters of the 
sample. Coaxial line technique allows the consti-
tutive parameters of materials to be measured over 
a wide frequency band. In a typical confi guration 
of a solid material for measurement of its permit-
tivity and permeability in a coaxial line, the sample 
completely fi lls the cross-section of the holder 
(Fig. 2). 

Measurements of electrical and magnetic per-
meability were made in a coaxial line using a 
modifi ed measurement method. An electron beam 
(an Elektronika 10/10 accelerator with a dose rate 
of 15,000 kGy/h) and gamma radiation (cobalt 
source GC 5000 with a dose rate of 3.5 kGy/h) 
were used in the polymer studies. The best absorp-
tion properties of the composite were at 1 GHz, 
where the material did not exhibit electromag-
netic fi eld refl ections. From the measurements and 
results obtained, it can be concluded that the 
composite is a promising absorbing material for 
solving problems concerning the ability of an 
electrical or electronic device to work properly in 
specifi c electromagnetic environments, such as in 
antenna systems [5]. Developing an optimal com-
posite requires further research.
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Table 1. The impact of radiation dose on the properties of 
Engage 8200 elastomer. 

Measured property
Dose [kGy]

0 50 100 200 300

Tensile strength [MPa] 6.7 9.7 9.5 8.4 6.2

Elongation at break [%] 901 869 828 696 509

Modulus 100% [MPa] 2.3 2.2 2.2 2.2 2.2

Modulus 200% [MPa] 2.7 2.7 2.7 2.8 2.8

Modulus 300% [MPa] 3.0 3.0 3.0 3.2 3.4

Hardness Shore A [oShA] 71 69 68 67 67

Fig. 2. Schematic confi guration of the sample in the co-
axial line.

 A CONTINUOUS, NON-INTERFERING LINAC ELECTRON BEAM ENERGY 
MEASUREMENT SYSTEM FOR RADIATION PROCESSING INSTALLATION

Sylwester Bułka, Zbigniew Zimek

Continuous electron energy measurement is cur-
rently obligatory for accelerator installations in-
tended for radiation sterilization. This is one of 
several values, such as dose rate, beam current, 
transporter speed and the sweep parameters, 
which must be recorded in accordance with the 
conditions listed in the accelerator validation re-
quirements code.

While determining the energy of electrons in 
electrostatic accelerators is relatively simple and 
leads to the measurement of the accelerating volt-
age, in the case of RF linear accelerators it cannot 
be done by means of a simple and direct measure-
ment.

Some accelerator installations have an inte-
grated magnetic electron energy analyser, but 
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such a measurement procedure cannot be carried 
out during sterilization. Also, the use of an alu-
minium wedge does not meet the requirements 
for an on-line measurement.

A typical solution is indirect energy estimation 
based on the knowledge of certain parameters, 
such as microwave power level and beam current, 
which affect the output energy of the electron 
beam. These parameters can be measured on an 
ongoing basis, and energy can be calculated using 
known relationships and calibration curves.

Unfortunately, this method does not give a re-
sult with satisfactory accuracy, mainly due to the 
necessary simplifi cation of the computational 
model and the inability to measure many other 
physical parameters that this model would have 
to take into account.

One of the possible solutions [1] is the use of 
a sensor located directly under the window of the 
scanned electron beam in such a way that it does 
not interfere with the distribution of the dose in 
the irradiation area and provides data to deter-
mine the energy of electrons in the beam and the 
spectral distribution of this energy.

The measurement method based on the use of 
a secondary electron-collecting electrode was test-
ed in an electron beam scanned installation, typi-
cally used for radiation sterilization. The concept 
of the measurement is shown in Fig. 1. The col-
lecting electrode can be made of a strip of thin 
metal (Al) or wire. The high energy electrons pass-
ing through the electrode material knock out a 
number of secondary electrons, some of which 
are able to leave the electrode. This is recorded as 
the fl ow of a small, positive current from the elec-
trode, and it is directly proportional to the inten-
sity of the primary electron stream.

For different energies, the magnitude of the 
defl ection will also be different, and therefore the 
trajectory of electron passage will be different. If 
there are components with various energies in the 
beam, then it will be split and stretched over a cer-
tain section of x. When analysing the intensity 

of the passing electron stream at subsequent 
points along x, the energy spectrum of the elec-
tron beam can be obtained.

The physical movement of the electrode along 
x is unnecessary, because the sweeping current 

Fig. 1. Essential components of the measurement system.

Fig. 2. Waveform oscillogram: A – current in sweeping 
magnet coil, B – current from the collecting electrode.

Fig. 3. Visualization of electron beam energy spectrum.
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causes the beam to move linearly along the X-axis, 
thus all points of the x section will move over 
the electrode at some time. As a result, the cur-
rent collected by the electrode is in the form of a 
pulse with an amplitude modulated by the instan-
taneous intensity of the stream (Fig. 2).

The data delivered via the interface is stored 
in the computer operating memory. After apply-
ing the error elimination procedures and averag-
ing, the data are normalized and sent for visuali-
zation, as shown in Fig. 3.

In addition to the requirement of archivization 
of electron energy results of measurement during 
the sterilization process (as shown in Fig. 4), 
knowledge of the distribution of the electron beam 
energy spectrum allows the operator to set up the 
accelerator device in such a way that the machine 
performs the process at its optimum effi ciency. 
During repair or maintenance works, such meas-
urements are a very important diagnostic tool. They 

provide information on the working conditions of 
various accelerator components, including their 
alignment and wear level.

The developed and tested system, after calibra-
tion using other methods of energy determination, 
currently works in a continuous mode at the ac-
celerator installation at the Sterilization Station in 
the Institute of Nuclear Chemistry and Technology 
(INCT). The current control of the distribution of 
the electron beam energy spectrum and the auto-
mated measurements of other parameters are re-

corded in accordance with the applicable require-
ments and enable multi-parameter optimization of 
the irradiation process.
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Fig. 4. An example of electron beam energy recorded over the facility workday.
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 Chemical issues of nuclear power and radiopharmaceutical chemistry are the main research 
areas of the Centre for Radiochemistry and Nuclear Chemistry. In 2017, the Centre worked 
on research projects fi nanced in the form of grants from the National Centre for Research and 
Development (NCBR) and the National Science Centre (NCN), as well as in the form of 
founding the Institute’s statutory research and development and international cooperation 
from by Ministry of Science and Higher Education.

International collaboration was focused on the development of the European Commission 
(FP7 Euratom, Fission) and other (IAEA, COST) projects. The individual projects of young 
scientists funded under the specifi c subsidy of the Ministry of Science and Higher Education 
were important elements for the development of the human resources of the Centre.

The teams of three Centre laboratories (Radiochemical Separation Methods, Membrane 
Processes and Technologies, and Sol-Gel Technology) continued their studies on radioactive 
waste management, reprocessing of spent nuclear fuel, and on special nuclear materials. In 
this respect, the Sol-Gel Technology team continued research on the synthesis of potential 
nuclear fuel for future reactor systems based on uranium oxides and carbides, as well as 
mixed thorium-uranium dioxide, in the form of microspheres. The sol-gel method was also 
applied for preparation of phosphate glasses with potential use for radioactive waste stabi-
lization.

The team of Radiochemical Separation Methods Laboratory continued the research on 
actinide/lanthanide separation by solvent extraction, which was focused on the verifi cation 
of hypotheses previously set during the European Collaborative Project SACSESS imple-
mentation, regarding the formation of heteroleptic complexes of actinides with TODGA and 
SO3-Ph-BTP ligands. The present Euratom project in this fi eld, namely GENIORS (GEN IV 
integrated oxide fuels recycling strategies, Horizon 2020), focuses on future multiple recycling 
strategies for spent fuel from the GEN IV reactors. In 2017, the research work of the Centre 
team concerned the study on new extraction systems for the separation of americium(III) 
from light lanthanides. Advanced quantum chemical calculations were continued, which al-
lowed explaining the reason of actinide selectivity of some ligands used for solvent extraction 
separation of actinides from lanthanide fi ssion products. The knowledge based on molecular 
modelling is crucial for design and synthesis of novel, more selective ligands for An/Ln sepa-
rations. 

Experimental and computational design of chiral molecules for applications in medicine 
and manufacturing of conductive polymers were performed within the frame of the grant 
fi nanced by the National Science Centre for research executed in a few Polish universities 
and research institutes, and supervised by the Spectroscopy and Molecular Modelling group 
of our Centre. 

Recovery of uranium and accompanying metals from various types of industrial wastes 
like phosphogypsum or waste from fl otation of copper ores was studied in the scope of the 
IAEA CRP. Various aspects related to the management and storage of spent nuclear fuel and 
radioactive wastes formed in the course of exploitation of nuclear power plants (NPPs), with 
a special emphasis on the Polish Nuclear Power Programme, were studied. 

The team of the Centre participated in the consortium of six Polish institutions working 
on the development of a safety assessment methodology and indication of the optimal loca-
tion for shallow storage of low- and intermediate-level radioactive waste. At the request of the 
Ministry of Energy, the team prepared in collaboration with ZUOP an expert report “Manage-
ment of radioactive waste and spent nuclear fuel in Poland – current status and prospects”. 
Radioactive waste aspects concern the new Euratom Horizon 2020 CHANCE project (Char-



acterisation of conditioned nuclear waste for its safe disposal in Europe) in which the Centre 
participates. The project carried out by the international consortium, commenced in 2017, is 
focused on development of new non-destructive methods of radioactive waste characteriza-
tion, such as muon tomography, calorimetry and innovative techniques based on laser spectro-
scopy for gaseous radioactive emissions monitoring. Applications in the fi eld of radioactive 
waste management are complemented by the studies on new sorbents of radionuclides, 
among others, novel magnetic cobalt cyanoferrate nanoparticles, suffi ciently stable for practi-
cal application in the treatment of the radioactive effl uents.

Novel methods were examined by the Membrane Processes group, for the treatment of 
“problematic” nuclear waste, based on integrated processes (membrane fi ltration combined 
with sorption, advanced oxidation-membrane process), as the basis for further technological 
advancement in radioactive waste processing fi eld. The application of membrane systems in 
nuclear desalination was tested within the frame of another IAEA CRP. The possibility of the 
application of such methods as reverse osmosis and membrane distillation, for desalination 
as well as radioactive waste treatment within nuclear power plants, was proved. 

Basic research on the phenomena occurring in membrane units was continued in the 
scope of the NCN research project on the development of sensitive methods for studying con-
centration polarization and membrane fouling. The combination of radiotracers with optic 
techniques like SEM (scanning electron microscopy), FTIR/PAS (Fourier-transform infrared/
photoacoustic spectroscopy) has brought data for the future elaboration of the methodology 
of testing membrane units. 

Social and socio-economic effects of implementation of the Polish Nuclear Power Programme 
with the development of macroeconomical tools for assessment were studied within the frame 
of the IAEA CRP in cooperation with the governmental institutions. 

Research on radiopharmaceutical chemistry (Laboratory of Radiopharmaceuticals Synthesis 
and Studies) was focused on obtaining and studying novel potential radiopharmaceuticals, 
both diagnostic and therapeutic. Novel biomolecules, derivatives of tacrine, agonists (e.g. sub-
stance P) or antagonists (e.g. aprepitant, Spantide I (5-11)) of NK-1 receptor, as well as anti-
biotics used in medical treatment of bacterial infections, were labelled with 99mTc or 68Ga, 
resulting in potential diagnostic tools for Alzheimer’s disease, glioma brain tumours, breast 
cancer and diabetic foot, respectively. A part of the research was carried out in cooperation 
with the Department of Pharmaceutical Chemistry and Drug Analyses, Medical University of 
Łódź and with the Department of Nuclear Medicine, Medical University of Warsaw. New 
methods for cyclotron productions of diagnostic radionuclides, both SPECT (99mTc) and PET 
(43Sc, 44Sc, 72As) were developed in cooperation with the Heavy Ion Laboratory of the University 
of Warsaw, and the National Centre for Nuclear Research – POLATOM, within two projects 
awarded by the NCBR. 

The development of new cyclotron method for 47Sc production was continued in the scope 
of a new IAEA Research Contract. Also potential therapeutic radiopharmaceuticals were ob-
tained and studied. Peptides and proteins were labelled with alpha emitters (211At, 225Ac and 
223Ra) via functionalized soft-metal chelates (metal bridge), and by the use of functionalized 
nanoparticles such as nanozeolites and gold nanoclusters. 

Multifunctional nanoparticles for magnetic hyperthermia and indirect radiation therapy 
were studied in cooperation of the international consortium in the frame of COST project 
and in the scope of NCN OPUS project.

The teams of the Centre were awarded with the Director’s prize for publications presented 
in 2015-2016 and the Director’s award for application achievements in the same period. 

The international and national scientifi c cooperation of the Centre was successfully con-
tinued and enhanced making the Centre teams desired partners not only on the national scale, 
but also over the European research area. 

The Centre participated in the organization of several meetings, conferences, seminars and 
trainings of students. 

The scientists of the Centre were involved in the activities of a large number of organiza-
tions, societies, and editorial boards of scientifi c journals in the country and abroad.
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68Ga- AND 177Lu-RADIOPHARMACEUTICALS BASED ON 
NEUROKININ-1 RECEPTOR ANTAGONIST SPANTIDE I (5-11) PEPTIDE 

FOR GLIOBLASTOMA MULTIFORME TREATMENT
Paweł Krzysztof Halik, Ewa Gniazdowska, Przemysław Koźmiński, Agnieszka Majkowska-Pilip

Gliomas are extremely serious and aggressive 
brain tumours in adults. For patients with the 
most malignant glioma – glioblastoma multiforme 
(GBM, glioblastoma) the prognosis for survival is 
9-12 months. All malignant gliomas are primary 
brain tumours associated with a high morbidity 
and mortality due to very diffi cult treatment re-
gimes. It is caused by the fact that tumour cells 
are relatively resistant to chemo- and radiotherapy, 
which is highly damaging to healthy brain tissue. 
Moreover, an accurate surgical treatment is also 
ineffective and leads to cancer resumption due to 
the infi ltrating and diffusive character of glioblas-
toma cells spreading beyond the primary tumour 
area [1]. Therefore, novel therapeutic strategies 
are needed for the effective management of GBM.

In the past two decades, targeted glioma 
therapy has become the subject of extensive scien-
tifi c refl ection and study. The development of bio-
molecular techniques has allowed the recognition 
of characteristic tumour cell markers, showing 
potential for treatment. Many published reports 
have indicated the participation of the Substance 
P (SP)-Neurokinin 1 receptor (NK-1R) system in 
the evolution and metastasis of various neoplasm, 
including malignant gliomas [2-4]. 

NK-1R is a seven transmembrane helix pro-
tein receptor belonging to the family of G-protein 
coupled receptors (GPCRs). Its endogenous li-
gands are tachykinins, from which Substance P 
shows the highest affi nity to the receptor. SP is 
undeca-neuropeptide (sequence Arg-Pro-Lys-Pro-
-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2) distributed 
mainly in the nervous system, but also in periph-
eral tissues. Both SP and NK-1R are responsible 
for cell proliferation, vasodilation, transmission 
of pain, endocrine secretion, immune system in-
fl ammatory response and modulation of neuronal 
sensory transmission related to stress, emesis and 
anxiety. SP is also a mitosis and haematopoiesis 
regulatory agent [5].

In pathological conditions the NK-1 receptor 
is upregulated. This fact makes SP with its recep-

tor system a potential target for recognition and 
diagnosis of many diseases related with an ex-
cessive NK-1R stimulation. However, to date, clin-
ical studies have confi rmed application effective-
ness of one NK-1R antagonist only against nausea 
and vomiting induced by chemotherapy. NK-1R 
overexpression is widely presented in a variety 
of tumour cell lines, also in glioma cancer lines 
[4, 6]. Preclinical trials proved the feasibility of tar-
geted local radiotherapy based on the SP/NK-1R 
system. For GBM treatment, studies have been 
performed using a labelled SP derivative (213Bi-
-DOTA-[Thi8,Met(O2)11]-Substance P) proposed 
in 2010 by Cordier et al. [7]. Such treatments 
were also applied at the Department of Nuclear 
Medicine, Central Clinical Hospital, Warszawa, in 
cooperation with the Institute for Transuranium 
Elements (JRC-ITU, Karlsruhe), where 213Bi/ 
225Ac-DOTA-[Thi8,Met(O2)11]-Substance P radio-
pharmaceuticals were examined in patients diag-
nosed with recurrent critically located GBM. The 
results of this experiment showed good tolera-
tion of the preparation without acute or serious 
side effects. Although the disease was stabilized, 
applied radiobioconjugates showed poor migra-
tion into the marginal tumour area and instability 
in blood presence conditions. 

To eliminate these disadvantages, we propose 
a change of biological vector in applied radiophar-
maceuticals to the shorter peptide NK-1R antago-
nist, Spantide I (5-11), SPE (5-11), (sequence Gln-
-Gln-D-Trp-Phe-D-Trp-Leu-Leu-NH2). Spantide I 
is a SP analogue, (D-Arg1, D-Trp7,9, Leu11)SP(1-11) 
with similar affi nity to NK-1 receptor [8]. The 
shorter peptide was chosen according to our ex-
perience with fragments of SP [9], where the radio-
bioconjugate 177Lu-DOTA-SP(5-11) has showed 
the highest log P value from analysed compounds. 
Moreover, Spantide I is more resistant to blood 
peptidases than SP, because of the replacement of 
L-amino acids with D-isomers. 

In this work we have focused on the labelling 
of the peptide NK-1R antagonist Spantide I (5-11) 

Fig. 1. Structures of the 177Lu-DOTA-SPE (5-11) and 68Ga-DOTA-SPE (5-11) radiobioconjugates. 
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with two radioisotopes – 68Ga and 177Lu (Fig. 1), 
using a macrocyclic chelator DOTA (1,4,7,10-te-
traazacyclododecane-1,4,7,10-tetraacetic acid) in 
the form of active mono-N-hydroxysuccinimide 
ester (NHS) – DOTA-NHS (1,4,7,10- tetraazacy-
clododecane-1,4,7,10-tetraacetic acid mono-N-hy-
droxysuccinimide ester). Our aim was to obtain a 
novel peptide radiobioconjugate, elaborate on the 
conditions for effective labelling and examine the 
stability parameters of the obtained radiobiocon-
jugates.

SPE (5-11) was coupled with DOTA-NHS with 
addition of Et3N in DMF at 50oC over night (the 
molar ratios of reagents were 1 : 1.3 : 4, respec-
tively). Crude DOTA-SPE (5-11) product was pu-
rifi ed on a semi-preparative HPLC and lyophilized 
giving a yield of 60%. MS of DOTA-SPE (5-11): 
calculated – 1405.63 m/z, found – 1405.73 m/z 
[M+H+]. The labelling reactions of the obtained 

bioconjugate were performed according to the 
following procedures: to the vial containing about 
50 g of lyophilized DOTA-SPE (5-11) in 300 L 
of acetate buffer (pH = 5.0), about 100 L of con-
centrated 68GaCl3 solution (80-100 MBq) from 
68Ge/68Ga generator or about 20 L of 177LuCl3 
solution in 0.04 M HCl (10-15 MBq) were added. 
In the 68Ga labelling reaction mixture pH was 
strictly set below 4.0. Both reactions were per-
formed at 95oC for 30 min and 60 min, respec-
tively, with progress HPLC verifi cation. The radio-
chemical yield of the synthesized radiobioconju-
gates was higher than 97%.

The lipophilicity parameters for both radiobio-
conjugates were determined as the log P values, 
which are the logarithms of the partition coeffi -
cients of each molecule in a biphasic mixture of 
n-octanol and phosphate buffered saline (pH 7.40). 

Then the stability studies were performed, where 
the percentage of the unchanged form of each 
radiobioconjugate in certain time periods was 
determined. Experiments included analysis of the 
stability in human serum verifi ed by the HPLC 
method with radiometric detection.

All examined radiobioconjugate parameters 
are presented in Table 1. The lipophilicity values 
of both molecules of interest are slightly negative 
(-0.56 and -0.19 for 68Ga and 177Lu, respectively). 
These values, compared to the lipophilicity para-
meters of radiobioconjugates based on SP and its 
fragments [9], are signifi cantly higher; this is 
promising from a pharmacokinetic point of view. 
Moreover, the presented radiobioconjugates show-
ed total stability in human serum for the entire 
duration of the experiments (4 h and 7 d for 68Ga 
and 177Lu, respectively), verifi ed by the radiometric 
chromatograms (Fig. 2). 

Considering ligand exchange, reactions with 
amino acids or other strongly competing natural 
ligands present in human serum did not take 
place. In the case of stability studies in human 
serum, we have measured the radioactivity of pre-
cipitated matrix proteins (using ethyl alcohol) 
and the supernatant fractions. A few percent of 
68Ga/177Lu-DOTA-SPE (5-11) molecules were 
shown to be bound by the biomatrix components, 
while the rest of the studied radiobioconjugates 
remained in the liquid phase in an unchanged 
form.

In conclusion, we have obtained novel 68Ga- 
and 177Lu-radiobioconjugates based on peptide 
antagonist of NK1 receptor. Both examined mol-
ecules showed promising physicochemical prop-
erties for further consideration as potential radio-
pharmaceuticals for glioblastoma multiforme treat-

Table 1. Physicochemical properties of 68Ga-DOTA-SPE (5-11) and 177Lu-DOTA-SPE (5-11) radiobioconjugates.

Radiobioconjugate log P Human serum stability [%] 
(after certain time)

Radiobioconjugate bound to the biomatrix 
components [%] 

(after certain time)

68Ga-DOTA-SPE (5-11) -0.56 ± 0.02 > 99 (4 h) 8.7 (1 h) - 11.9 (4 h)
177Lu-DOTA-SPE (5-11) -0.19 ± 0.03 > 99 (7 d) 5.3 (1 h) 8.3 (2 d) 9.1 (7 d)

Fig. 2. Radiometric chromatograms of liquid phases of 68Ga-DOTA-SPE (5-11) and 177Lu-DOTA-SPE (5-11) radiobio-
conjugates in human serum solution after 4 h and 7 d, respectively. HPLC conditions: Phenomenex Jupiter Proteo 
semi-preparative column (4 m, 90 Å, 250 mm  10 mm),  detection; elution conditions: solvent A – water with 0.1% 
TFA (v/v); solvent B – acetonitrile with 0.1% TFA (v/v); gradient: 0-20 min 20 to 80% of B, 20-35 min 80% solvent B; 
2 ml/min.
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ment, competitive to presently applied methods in 
oncology. 

The presented work was fi nancially supported 
by the statutory activity of the Institute of Nuclear 
Chemistry and Technology (INCT). 
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PREPARATION OF MICROSPHERES OF CARBON BLACK DISPERSION 
IN URANYL-ASCORBATE GELS AS PRECURSORS OF URANIUM CARBIDE

Marcin Brykała, Marcin Rogowski, Tadeusz Olczak

A novel technique to fabricate precursors of car-
bide-ceramic nuclear fuel via the synthesis of 
spherical particles (with diameters below 150 m) 
of carbon black dispersed in uranyl-ascorbate gels 
by a combination of the complex sol-gel process 
(CSGP) and the double extraction process was 
elaborated. The application of ascorbic acid as a 
complexing agent in the complex sol-gel process 
allows a stable and uniform dispersion of carbon 
in a uranyl-ascorbate sol to be obtained. In the 
double extraction process, a dispersion of carbon 
black in sols is emulsifi ed by drops in the organic 
phase consisting of 2-ethylhexanol-1 and 1 vol% 
of Primene JM-T. The microspheres are created by 
gelation of droplets, through simultaneous ex-
traction of water with 2-ethylhexanol-1 and ni-
trate ions with Primene JM-T. The elaboration of 
the optimal gelation conditions requires the con-
sideration of many issues which are described in 
this paper. 

This paper deals with an extension of the pre-
viously described complex sol-gel process to the 
production of microspheres of carbon black dis-
persion (without dispersing agent) in uranyl-ascor-
bate gels which are recommended as precursors 
in the synthesis of a new type of fuel-like uranium 
carbide or uranium nitride. The obtained disper-
sion after carbonization to UO2-C can be convert-
ed by carbothermic reduction to UC (eventually 
with UO2) and additionally by the nitriding process 
to UN. Medium-sized spherical particles of uran-
ium carbide (with diameters of approximately 100 
m) can be used in nuclear fuel technology for 
spherical TRISO fuel [1-4]. A fl owchart of the 
applied combination of CSGP and the double ex-
traction process to synthesize spherical particles 

of carbon black dispersed in uranyl-ascorbate gel 
is shown in Fig. 1. 

The fi rst step was the preparation of concen-
trated 1 M uranyl-ascorbate sol solutions with 

Fig. 1. Flowchart detailing the preparation of uranium car-
bide microspheres (diameters below 150 m) by CSGP with 
gelation by the double extraction processes.
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molar ratio (MR) of ASC/U equal to 1, in which 
carbon black was dispersed with molar ratios of 
C/U equal to 1, 2 and 3. Carbon black was dis-
persed in prepared uranyl-ascorbate sol solutions 
by mixing for 3 h. The as-obtained dispersions 
have a high degree of homogeneous distribution 
of the components. Traditionally, the dispersabil-
ity of carbon black is improved by using dispers-
ing agents (surfactants) which is needless in the 
complex sol-gel process. As is shown in Fig. 2 and 
previous works [5], ascorbate sols perfectly wet 
the carbon black and the formation of agglomer-
ates were not observed. A complexing agent, such 
as ascorbic acid, also aids dispersion. No crystal-
lization of any added metallic compounds was ob-
served. 

The second step was gelation of the sols, which 
is crucial for obtaining the desired average size, 
size distribution and shape of the microspheres. 
The gelation of spherical particles requires partial 
hydrolysis by addition of ammonia solution to 
pH ~ 4.5 before precipitation. Without ammonia, 
spherical particles of gel cannot be obtained. With 
increasing pH an increase in viscosity is observed 
which additionally has a positive infl uence on 
droplet generation. Viscosity seems to be a crucial 
parameter in determining the stable emulsion drop-
lets’ diameters and size distribution.

Medium-sized spherical particles (diameters 
below 150 m) were obtained by applying the 
double extraction process [6] which is based on 
the Oak Ridge National Laboratory (ORNL) 
method of water extraction from sol drops dis-
persed in an organic solvent [7-9]. The gelation 
process consists of three steps. The fi rst step was 
the formation of a sol emulsion in 2-ethylhexa-
nol-1 containing surfactant SPAN-80 and Primene 
JM-T. SPAN-80 has a low hydrophilic-lipophilic 
balance (HLB) which prevents coalescence and 
sticking of sol droplets. The second step was the 
gelation of droplets by the simultaneous extrac- 
tions of water, with 2-ethylhexanol-1, and nitrate 
ions, with Primene JM-T. The gelation process 
was carried out at room temperature but heated 
2-ethylhexanol-1 can also be applied to the in-
ternal gelation of acid defi cient uranyl nitrate 

(ADUN) with hexamethylenetetramine (HMTA) 
and urea [10]. The last step was the fi ltration and 
washing of the microspheres. The gelation process 
was carried out in a glass-enclosed reactor with 
very rapid stirring (maximum 1500  rpm) and a 
volume of 1000 mL. 

The size distribution and sphericity were sen-
sitive to the mixing speed of the organic phase 
when all other experimental parameters were 
held constant. The size distributions and spheric-
ity of microspheres between the minimum and 
maximum mixing speeds were considerably dif-
ferent. At low mixing speeds (< 600 rpm), popula-
tions of microspheres with diameters greater than 
100 m, but not greater than 200 m, were main-
ly obtained (82%), with sphericity (Eq Ø) equal 

to 1.092 ± 0.074. For a given sol, higher stirring 
speeds (900 rpm) favour the formation of smaller 
diameter microspheres with good sphericity. If the 
mixing speed was higher than 1000 rpm, micro-
spheres mainly with diameters below 50 m were 
obtained (89%).

Dried gel microsphere dispersions were ana-
lysed using scanning electron microscopy (SEM) 
with a Zeiss DSM 942. A measuring optical micro-
scope (Motic BA300) was utilized to evaluate the 
morphological features of microspheres such as 
shape, diameter and dispersity. An optical analysis 

Fig. 2. Optical microscope photographs of a carbon dispersion in 1 M uranyl nitrate solution (A) and in 1 M uranyl-
-ascorbate sol solution (B).

Fig. 3. SEM micrograph of spherical particles of a carbon 
dispersion in a uranyl-ascorbate gel.
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showed a spherical particle shape with good sur-
face integrity (Fig. 3). 

As shown in Table 1, the size of the micro-
spheres is directly proportional to the molar ratio 
of C/U. With the increasing molar ratio of C/U, 
the proportion of spherical particles with a larger 
diameter is higher.

This is connected to the higher amount of 
amorphous carbon in the formed droplet disper-
sions in the organic solvent and with the higher 
viscosity. Moreover, the increase in microsphere 
diameter has an infl uence on the sphericity of the 
particles, but to a negligible extent.

The energy dispersive spectrometry (EDS) 
measurements of quality and quantity of elements 
in the dried gel microspheres were performed with 
the use of a Bruker AXS Microanalysis GmbH 
Berlin operated at 15 keV. The EDS analyses 
(Fig. 4) were performed to confi rm the presence 
of carbon in the microspheres of gels with molar 
ratio of C/U equal to 1 and 3. Analyses of ele-
ments by the EDS were performed on a dried 
sample. The results of the EDS confi rmed the 
presence of carbon in the uranyl-ascorbate gel 
and with an increasing amount of carbon, rising 
intensity of peaks from C is observed. Additionally, 
the molar ratio of C/O changes with an increase 
in the molar ratio of C/U in the obtained gel micro-
spheres. 

The last step of the process consists of the 
thermal treatment and requires some special pro-
cedures to preserve the spherical shape. In this 
step, the conditions should be selected to obtain 
the desired properties of the fi nal product. A slow 
heating rate (1-5oC/min) is required to maintain 
a non-cracked surface of the particles during the 
carbonizat ion of organic compounds and elimina-
tion of nitrates. The whole step should be carried 
out in an oxygen-free atmosphere to avoid oxida-

tion of the carbon. The carbonization of gels to a 
homogeneous mixture of UO2.x-C is carried out 
in an inert gas atmosphere containing hydrogen 
(95% N2 + 5% H2). The last step is the carbo-
thermic reaction (1600oC) under reduced pressure 
to uranium carbide. 

The complex sol-gel process can be success-
fully applied to the preparation of homogeneous 
amorphous carbon dispersions in sols, using com-
plexation with ascorbic acid, of uranyl nitrate. In 
the CSGP, a dispersing agent is needless. It was 
observed that, in contrast to water or pure uranyl 
nitrate solutions, ascorbate sols perfectly wet the 
carbon black. It is necessary to point out that the 
preparation of microspheres of uranyl gels from 
uranyl nitrate by extraction of water and nitrate 
ions with the addition of ascorbic acid enabled 
the gels to be formed. The dispersion can also be 
gelled into medium-sized microspheres (diameter 
< 150 m) by water and nitrate extraction from 
drops of the dispersion in sols. The size of the 
microspheres is directly proportional to the molar 
ratio of C/U. With the increasing molar ratio of 
C/U, the proportion of spherical particles with a 
larger diameter is higher. This is connected to the 
higher amount of amorphous carbon in the formed 
droplets of dispersion in an organic solvent, and 
therefore a smaller amount of water and nitrate is 
extracted during the gelation.
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RECOVERY OF URANIUM AND ACCOMPANYING METALS 
FROM SECONDARY RAW MATERIALS

Katarzyna Kiegiel, Dorota Gajda, Grażyna Zakrzewska-Kołtuniewicz

The development of nuclear energy in the world 
causes an increase in the demand for uranium. 
Presently, the exploitation of rich uranium ores is 
profi table when the cost of production of uranium 
is lower than 130 USD/kg U3O8. According to the 
OECD-NEA Red Book (2016) [1], such deposits 
of uranium in the world are estimated at about 5.7 
million tonnes of metal. An increase in research on 
uranium recovery from secondary resources has 
also been observed. In this investigation, indus-
trial waste and by-products from the copper and 
phosphorous fertilizer industries, as well as phos-
phate rocks, were examined as sources of uranium. 
During the recovery of uranium from secondary 
sources, which are assumed to be poor quality, the 
economy of the process can be improved by the 
simultaneous extraction of accompanying metals 
such as rare earth elements or other valuable 
metals present in the processed material.

Before selecting a method of extracting uran-
ium and other selected metals from the available 
secondary raw material, it is important to ade-
quately characterize this material and determine 
the type and content of the metallic components of 
interest. The compositions of the examined ma-
terials were determined with the use of ICP-MS 
(inductively coupled plasma mass spectrometry) 
analysis. The results are shown in Table 1. 

The effi ciencies of uranium leaching from copper 
fl otation tailings with 10% sulphuric acid were not 
high (Fig. 1). Satisfying results (uranium leach-

ing effi ciency of 40-67%) were obtained only for 
copper waste 3.

Phosphogypsum is a very diffi cult material to 
leach because of its complex composition. It was 
found that this material can be leached using a 
double-stage procedure. In the fi rst stage phospho-
gypsum was treated with mixture of 30% NaOH 
and 30% H2O2 and heated at 60oC. The solid resi-
due was separated from the post-leaching solution, 
washed with distilled water and dried at 105oC. 

The obtained solid was leached with 10% HCl in 
the presence of 30% H2O2, as an oxidizing agent, 
at 60oC. Uranium and rare earth elements were 

Fig. 1. The leaching effi ciencies of metals from copper 
wastes with various oxidizing agents: CW1 – copper waste 
1, CW2 – copper waste 2, CW3 – copper waste 3. Process 
conditions: 10% H2SO4, 60oC, 2 h. 

Table 1. The concentration of selected metals in the examined materials: copper fl otation tailings, phosphogypsum and 
phosphates. 

Sample
Metals [ppm]

U Th V Fe Co Ni Cu Zn La 

Copper waste 1 15 5 788 nd* 558 330 27 500 1 217 21

Copper waste 2 16 5 833 nd* 589 269 25 000 987 21

Copper waste 3 5 2 55 4 750 79 31 12 225 237 8

Phosphogypsum 2 4 5 2 758 6 14 5 17 40

Syria phosphate 61 1 134 2 911 13 36 13 307 26

Morocco phosphate 117 4 250 3 880 13 69 39 332 90

Tunisia phosphate 32 5 53 3 398 14 20 5 142 64

* nd – not determined.
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NOVEL MAGNETIC COBALT CYANOFERRATE NANOPARTICLES 
AS A POTENTIAL SORBENT FOR SOLID PHASE EXTRACTION 

OF RADIONUCLIDES FROM AQUEOUS SAMPLES
Leon Fuks, Danuta Wawszczak, Irena Herdzik-Koniecko, Tomasz Smoliński

Numerous inorganic sorbents at present fi nd in-
creasing use in applied radiochemistry. The most 
common use is removing caesium and strontium 
radionuclides from cooling water in a nuclear reac-
tor, as well as water in the storage pools of spent 
nuclear fuel. The main advantages of using inor-
ganic sorbents are their chemical strength, thermal 
stability and radiation-chemical resistance [1, 2].

Insoluble hexacyanoferrates of the transition 
metals are well-known sorbents and ion exchangers 
[3-8]. They are hardly soluble in a wide acidity 
interval (i.e. in amounts from 10–6 to 10–12 g cm–3), 
have high mechanical strength, chemical resist-
ance, small specifi c gravity, good magnetic prop-
erties and are cheap to prepare. Their good sorp-

tion properties (distribution coeffi cients, Kd, often 
exceed 104 cm3 g–1) depend on their synthesis 
method as well as on their composition. Inorganic 
sorbents most frequently occur in the form of fi ne 
monocrystals in which the regular arrangement 
of atoms is cut by a series of channels and free 
spaces of the size corresponding to those of some 
ions. Typically, the material is a mixture of hexa-
cyanoferrates containing  iron in both the second 
and third oxidation states [9].

For the prospective use of hexacyanoferrates 
for the selective removal of e.g. Cs-137 from liquid 
nuclear wastes, a great number of hexacyanofer-
rates with different transition metals have been 
studied. An excellent review of the present state of 

extracted with quite high effi ciencies – 61% for 
uranium and 81% for lanthanum (Fig. 2). 

Phosphates were leached using hydrochloric 
acid, sulphuric acid and alkaline solution. The effi -
ciencies depend strongly on the origin of the phos-
phate. All three phosphates, from Syria, Morocco 
and Tunisia, were leached with high effi ciencies 
(40-100%) in acidic conditions; however, only the 
phosphate from Morocco was leachable in alkaline 
solution (Fig. 3). It is worth noting that phosphates 
from Morocco are more easily leached with an 
alkaline solution than with acid. An interesting 

Fig. 2. The leaching effi ciencies of metals from phospho-
gypsum. Process conditions: step one – 30% NaOH, 30% 
H2O2, 22-60oC; step 2 – 10% HCl, 30% H2O2,

 
60oC. 

result was obtained for the percolation leaching 
of Tunisia phosphate. A solution of 2.5% Na2CO3/
NaHCO3 with 30% H2O2 was used as a lixiviant. 
The solution was recirculated within the phos-
phate-fi lled column. The effi ciency of uranium 
leaching reached 19% after 2 h.

Phosphogypsum and fl otation tailings from the 
copper industry are very diffi cult materials to leach 
because of their complexity; however, the obtained 
results are very promising and these studies will 
be continued. The uranium leaching effi ciency of 
phosphogypsum reached 60%. Moreover, it should 
be noted that phosphogypsum could be an inter-
esting and valuable source of lanthanides.
The acidic leaching of phosphates was very effi -
cient. In some cases, the leaching effi ciency reached 
100%.
The isolation of uranium from post-leaching solu-
tions can be obtained by liquid-liquid extraction 
[2] or ion exchange chromatography [3]. 

These studies were supported by the fi nancial 
resources for science in the years 2017-2018 grant-
ed for the implementation of the co-fi nanced in-
ternational project 3643/IAEA/16/2017/0 and the 
IAEA  Research Contract No. 18542.
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knowledge was recently published by Vincent et 
al. [10].

In the recent past, magnetic nanoparticles have 
started to be used as sorbents for the removal of 
trace metals from aqueous solutions [11-15]. The 
attractiveness of these materials, besides excellent 
sorption ability and good mechanical properties, 
is based on their easy separation from the solu-
tion using a magnetic fi eld (Scheme 1) [16-17].

In this contribution, being a continuation of re-
search published by Zhao et al. [11], we report our 
studies on the possibilities for the application of 
the cobalt hexacyanoferrate sorbent containing 
magnetic iron carbonyl (MHC). Iron carbonyl is a 
highly pure iron, prepared by the chemical decom-
position of purifi ed iron pentacarbonyl. Because 
of its broad applications in electronics and medi-
cine, the material is extremely cheap and, if bought 
wholesale, the price is signifi cantly lower than 1.0 
USD/kg.

In order to synthesize the magnetic composite 
material, a co-precipitation method was used, as 
described by Zhao et al. [11]. Magnetic particles 
of the commercially available iron pentacarbonyl 
(Fe(CO)5), solid K4Fe(CN)6 and Co(NO3)2 were 
used. All studies of the MHC were performed us-
ing unfractionated sorbent.

We investigated sorption of Cs(I), Sr(II), Co(II), 
Eu(III) and Am(III) ions on the magnetic cobalt 
cyanoferrate nanoparticles (MHC) in batch experi-
ments by analysing decontamination factors of 
the contaminated water as a function of the main 
factors important for designing the technological 

process. The results published by Zhao et al. [11] 
for a similar magnetic sorbent, K2[CoFe(CN)6] 
composite containing magnetite, show that sorp-
tion of caesium(I) reaches equilibrium within 2 h. 
The same contacting time for the contaminated 
water with MHC was applied in the present work. 
For each factor, magnetic K2[CoFe(CN)6] com-
posite with magnetite, studied by Zhao et al. [11], 
was used as the reference material. The aforemen-

tioned studies by Zhao et al. have been extended 
by determining the decontamination factors for 
Sr(II), Co(II), Eu(III) and Am(III) radionuclides.

Figure 1A reveals that the iron carbonyl MHC 
completely removes caesium(I) from aqueous solu-
tion, the adsorption percentage (Er) being 99.6 ± 
0.3%. This observation corresponds well with our 
referent sorbent containing magnetite: for this ma-
terial, Er value is 98.6 ± 1.0%. So, the proposed 
MHC sorbent resembles that recommended by 
Zhao et al. [11]. 

The aim of the presented work was, however, 
checking the possibility of using the novel sorbent 
for the recovery of metals other than Cs(I). It was 
also found that the effi ciency of removal of Co(II) 
and Am(III) is high and the respective Er values 
are 99.18 ± 2.13% and 98.4 ± 5.27%. For the 
reference composite formed with magnetite, the 
corresponding values are 92.50 ± 9.13% and 
98.43 ± 11.42%, respectively. However, the pro-
posed sorbent may be applied poorly for the re-
covery of the other metals. It was found that europ-
ium(III), and especially strontium(II), are sorbed 
below expectations. While the Er value for the 

Scheme 1. Schematic representation of the usage of a magnetic sorbent.

Fig. 1. Dependence of the distribution constants of Cs(I), Sr(II), Co(II), Eu(III) and Am(III) by the MHC nanocom-
posite with iron carbonyl on the reciprocal of their Shannon ionic radii [18] (A) and the analogue sorbent containing 
magnetite (B). The data are normalized to the respective values for caesium(I). Acidity of the purifi ed solution – pH 3.5.

A

ö

B

ö
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former metal was determined as 61.02 ± 1.39%, 
sorption of strontium(II) appeared to be complete-
ly insuffi cient. The Er value for this metal does 
not differ from zero by more than 5%. Results ob-
tained for the magnetite sorbent agree within sta-
tistical error with the above values.

It is textbook knowledge that the Gibbs free 
energy (Go) of the interaction between the in-
vestigated metal cation and the counter-ions plays 
an important role in the interpretation of numer-
ous processes in aqueous solutions. Usually, the 
well-known Born equation may be used to de-
scribe the interactions if they are of pure electro-
static origin. When plotting the results recalculat-
ed to the distribution constant values as a function 
of the reciprocal of the Shannon ionic radii no 
continuous relationship is observed (Fig. 1). This 
means that even if metal sorption is governed 
mainly by the electrostatic cation-anion interac-
tions, certain supplementary phenomena should 
be taken into account.

Furthermore, acidity of the purifi ed contami-
nated solutions varied in the range from pH 1.5 
to 12. Results of the metal sorption by both mag-
netic K2[CoFe(CN)6] materials are presented in 
Fig. 2.

It can be seen that Cs(I) may be completely 
sorbed from both the acidic and basic solutions, 
meaning that the acidity of the purifi ed solution 
has no signifi cant infl uence on the adsorption 
process of Cs(I). The observation resembles that 
observed by Zhao et al. [11]. On the contrary, 
sorption of Sr(II) in the whole range of pH is ex-
tremely poor, as the effi ciency is close to 0%.

Finally, removal of Co(II), Eu(III) and Am(III), 
metals with smaller radii than the aforementioned 
cations and with partially fi lled d- and f-orbitals, 
does not exhibit simple dependence on the initial 
acidity of the solution. This observation may be 
related to the diverse phenomena appearing for 
these metals in aqueous solutions. Of primary im-
portance are changes in their speciation.

To check if the sorbents may be used in the 
purifi cation of real solutions, we decided to com-
pare the aforementioned results obtained for the 
artifi cial solutions with the uptake of metals from 
the solutions of the composition resembling the 
real radioactive liquid waste. In the available lit-
erature, data for this composition are rare and 
diffi cult to obtain. To achieve this objective, we 
have prepared a mixture of Na+, K+, Mg2+ and 
Ca2+ chlorides in concentrations resembling those 
found in solutions obtained from the National 
Radioactive Waste Repository, Poland. Results of 
the comparison are presented in Figs. 3A and 3B. 
It may be seen that in the case of caesium (to re-
call, cobalt hexacyanoferrates are dedicated to the 
selective sorption of this radionuclide), presence 
of the weighted amounts of salts does not affect 
sorption in the case of both magnetic components 
studied. For the other radionuclides, salts present 
in the solution successfully compete for the sorp-
tion sites of the sorbent. So, due to the co-sorp-
tion of the salts, one may observe a decrease in 
the uptake of the radiometals.

Radioactive liquid wastes may also contain cer-
tain chelating agents, formerly used for the cleans-
ing of different contaminated items. So, to check 

the potential sorbents in processing of the low-
-level radioactive wastes, we tested them by sorp-
tion of the radionuclides from aqueous solutions 
containing a mixture of popular chelating agents. 
Composition of the mixture resembled that in 
CANDEREM (Canadian decontamination and re-
mediation) lotion: about 2 · 10–3 M of oxalic and 
citric acids and also Na-EDTA [19]. Then, the 
obtained results were compared with the data 
gained previously for the aqueous solution with 
no chelating agents. As is seen from Figs. 3C and 
3D, only for certain radionuclides the Er values 
do not differ from each other by more than the 
experimental errors. So, it may concluded that the 
cobalt hexacyanoferrate composites may be suc-
cessfully applied for the recovery of caesium(I) 

Fig. 2. Effect of pH on adsorption of Cs(I), Sr(II), Co(II), Eu(III) and Am(III) by cobalt cyanoferrate nanocomposites 
with iron carbonyl (A) and magnetite (B). 
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and americium(III), but in the processing of other 
radionuclides their value is rather limited.

Future applications of both materials for radio-
active liquid waste management requires high ra-
diation stability. So, the composites were treated 
with a radiation dose of 250 kGy and checked to 
see if their properties had been changed due to 
the radiation. In the fi rst step, sorption of the 
radionuclides was studied. It was found that the 
Er values are comparable within the experimental 
error for both pairs: raw materials and the appro-
priate irradiated sorbents (Fig. 4). 

Measurement of the zeta potential (n), which 
describes the electrostatic potential near the sur-
face of the particle, was determined for both 
pairs of sorbents. Relatively small changes of the 
potential occurring upon irradiation may be in-
terpreted as indicating stability of the materials. 
The already determined n potential of the 
K2[CoFe(CN)6] composite containing magnetite 
fl uctuates around -30 mV for solutions between 
pH 4 and pH 10 [11]. Such a value seems to be 
high enough to produce a signifi cant potential 
barrier preventing coagulation of the dispersed 

Fig. 3. Effect of the salting: (A) nanocomposite with the iron carbonyl, (B) nanosorbent containing magnetite. Plot (C) 
presents the effect of the chelating agents present in the solution for the nanocomposite with the iron carbonyl while (D) 
shows that for the nanosorbent containing the magnetite. 

Fig. 4. Stability of sorbent adsorbed with metals: (A) raw MHC material, (B) gamma irradiated MHC material.

C D
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nanoparticles. When the acidity of the solution 
increases to pH 11-12, the negative n potential 
reaches values of about -60 mV. Values obtained 
in the present work are -27 mV and -31 mV for 
the magnetite nanocomposite and the iron car-
bonyl material, respectively. Upon gamma irradia-
tion, values of the potential increase only slightly 
and are -21 mV and -22 mV, respectively. Such a 
small difference observed for the respective pairs 
may be assumed as supplementary proof of the 
chemical stability of both sorbents.

Chemical stability of the proposed sorbents 
was, in turn, checked by their prolonged equili-
bration with water and determining the removal 
of cobalt and iron metals. A ten-day equilibration 
of sorbent containing the carbonyl iron magnetite 

showed the content of both metals in water to be 
about 30,000 ng/L and 350 ng/L, respectively. 
When the magnetite nanocomposite was used, 
these values were slightly lower: about 15,000 
ng/L and 250 ng/L, respectively. According to the 
WHO directive for drinking water quality [20], 
the concentration of iron should be less than 0.3 
mg/L (3 · 105 ng/L) and there is no recommen-
dation for cobalt. The abovementioned results 
clearly show that water, purifi ed from radionu-
clides, should be additionally purifi ed from heavy 
metals. Among the most prospective methods, 
nanofi ltration/ultrafi ltration should be considered.

Figure 5 presents images of the particles of 
both studied sorbents. Photographs taken with 

100 magnifi cation reveal that the magnetite 
MHC is formed of more compact nanoparticles 
than the iron carbonyl material. The surfaces of 
both samples viewed with magnifi cation of 5000 
exposes, however, more pronounced differences. 
The sorbent containing magnetite is more uni-
form when compared with the material formed 
from iron carbonyl. Agglomerates formed on the 
surface of the latter material in certain areas are 
smooth, while in the former they are frayed. The 
aforementioned dissimilarities may be attributed 
to the different magnetic materials.

The obtained nanoparticles display large sur-
face areas in both cases of about 32.5 m2/g. Such 
a large surface area suggests high sorption capac-
ity of the material.

Diffraction patterns for the iron carbonyl MHC 
are shown in Fig. 6A. The main refl ections are 
recorded for the similar angles with these for the 
former material and confi rm the presence of the 
K2Co[Fe(CN)]6 structure. An additional unde-
fi ned refl ection at 29o most likely comes from the 
iron carbonyl species. 

Results of the X-ray diffraction analysis of the 
magnetite sorbent are shown in Fig. 6B and con-
fi rm the existence of the K2Co[Fe(CN)]6 struc-
ture. One may also see refl ections that probably 
come from other structures, e.g. from CoFe2O4 or 
K2CoFe(CN)6. Nevertheless, the main refl ections 
marked with the line indicate that K2Co[Fe(CN)]6 
is the dominant component of the sample.

Fig. 5. SEM image of the sorbent surface: (a) 100 magnifi cation of sorbent made with magnetite; (b) 5000 magnifi ca-
tion of the same material, (c) 100 magnifi cation of sorbent made with iron carbonyl, (d) 5000 magnifi cation of the 
same sorbent.
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According to the proposition of Sadlej-Sosno-
wska et al. [21], calculation of the Pearson’s cor-
relation coeffi cient (c.c.) seems to be the most 
powerful tool for comparing two spectra. The c.c. 
may range from the value of -1 to 1. A zero value 
implies a lack of correlation between both spectra, 
i.e. they are totally different. On the contrary, values 
close to ±1 indicate a similarity between the com-
pared spectra and, consequently, between the iden-
tities of the substances being compared. The calcu-
lated correlation coeffi cient for the powder XRD 
spectra of both cobalt hexacyanoferrate inorganic-
-inorganic composites revealed the value of the c.c. 
to be 0.715, meaning that both materials, even 
though similar, are not the same at all. 

Similarity in sorption properties of the MHC 
nanocomposites in conjunction with dissimi-
larities in the structure of both sorbents allows 
for the conclusion that sorption properties do not 
depend on the magnetic material used.

In conclusion, decontamination of radioactive 
wastes with the use of insoluble cobalt hexacyano-
ferrate nanocomposites (containing the iron hexa-
carbonyl or magnetite), originally dedicated to the 
removal of caesium(I) from aqueous solutions, was 
found to be effective for solutions containing 
caesium(I), and americium(III) radionuclides. If 
the concentration of the chelating agents is not 
too high, cobalt(II) may also be effectively removed 
from the solution. 

Fig. 6. X-ray diffraction patterns (XRD) of (A) iron carbonyl sorbent, (B) magnetite sorbent.
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The sorbent seems to be suffi ciently stable for 
practical application in the treatment of radioac-
tive wastewaters.

Sorption properties of the transition metal 
hexacyanoferrate nanocomposites do not depend 
on the magnetic material used for the synthesis of 
the sorbent.
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APPLICATION OF ADVANCED MEMBRANE SYSTEMS 
IN NUCLEAR DESALINATION AS AN EFFECTIVE USE OF COGENERATION

Grażyna Zakrzewska-Kołtuniewicz, Agnieszka Miśkiewicz, Katarzyna Kiegiel, Dorota Gajda

 Cogeneration or combined heat and power (CHP) 
is a highly effi cient form of energy conversion and 
a most effi cient use of fuel, since in addition to 
producing electricity it allows the utilization of 
waste heat, which can be used for various pur-
poses. Cogeneration in nuclear power plants brings 
many benefi ts: it saves energy by recovering waste 
heat that can be used for numerous industrial ap-
plications, e.g. district heating or cooling, produc-
tion of hydrogen, desalination, etc. Such an ap-
proach brings environmental benefi ts, reducing 

CO2 emissions and the amount of radioactive 
waste created. The fuel in cogeneration nuclear 
power plants (NPPs) is used effi ciently, in conse-
quence these facilities produce cheap energy, and 
as a result fossil fuels valuable for the chemical 
industry are saved. 

The successful introduction of nuclear cogen-
eration into industrial practice is a task set by the 
International Atomic Energy Agency (IAEA) and 
the European Nuclear Cogeneration Industrial Ini-
tiative (NC2I), in which Poland actively partici-
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pates, recognizing the benefi ts of this approach. 
Commencing the nuclear programme in Poland 
gives an opportunity to develop completely new 
designs and processes, leading to the achievement 
of maximum reactor effi ciency by the effective use 
of the energy and heat generated in the fi ssion 
process.

One of the possible ways to simultaneously in-
crease reactor effi ciency and the safety of nuclear 
power plants is to furnish the future NPP with 
advanced desalination systems, which could be 
helpful in regular plant operation and in emer-
gency situations. Such industrial application of 
congeneration, both in the case of energy produc-
tion in pressurized water reactors (PWRs) and in 
the development of high temperature reactors 
(HTRs), increases the safety of nuclear systems.

Intensive development of desalination tech-
nologies around the world has resulted in a sig-
nifi cant decrease in the cost of the water that is 
produced by desalination plants. Traditional dis-
tillation processes are being replaced by novel, 
more economic methods. In recent years, mem-
brane processes have become very attractive 
methods of desalination. With rapid progress in 
the production of cheap, robust membrane ma-
terials, reverse osmosis (RO) can compete with 
energy-intensive distillation techniques. These 
membrane-based processes offer numerous ad-
vantages over the conventional evaporation and 
distillation technologies used for desalination. 
They are characterized by a lower energy to prod-
uct ratio because the energy supplied to mem-
brane installations is consumed only for pumping 
liquid through the system. Since the primary 
equipment in such installations is membrane 
modules and pumps, which are easy to replace, 
they need less maintenance than evaporators. 
The apparatus does not have moving parts; there-
fore it is reliable and easy to operate. Membrane 
devices use less expensive construction materials, 
since the processes operate at room temperature, 
reducing corrosion. Low process temperatures also 
decrease scaling, which is a common problem 
with evaporators. 

When talking about the benefi ts of using mem-
brane processes, environmental issues cannot be 
ignored. The emissions released by fuel-fi red evap-
oration and distillation processes are eliminated 
in such cases. 

In recent years, reverse osmosis has become a 
common desalination technique. According to the 
International Desalination Association, in 2011 it 
accounted for 66% of the installed capacity of all 
desalination systems. Membrane distillation (MD), 
however, originally developed for seawater desali-
nation [1, 2], has not yet found full implementa-
tion in this fi eld. MD is a separation process in-
volving a porous hydrophobic membrane, which 
is the only contact surface of two phases remain-
ing at different temperatures. The driving force of 
MD is a temperature gradient across the mem-
brane that results in a vapour pressure difference. 

Apart from desalination, many other applica-
tions of MD have been considered, such as waste-

water treatment [3], the treatment of the water 
produced in oilfi elds [4], groundwater purifi ca-
tion [5], milk, whey and lactose concentration, as 
well as the concentration of juices [6]. At the 
Institute of Nuclear Chemistry and Technology 
(INCT), membrane distillation was developed both 
for water purifi cation [7] and radioactive waste 
processing [8-11]. Extensive research conducted 
with the use of different experimental systems con-
fi rmed the usefulness of membrane distillation for 

liquid radioactive waste treatment. Several mem-
brane confi gurations were tested, including the 
most applicable capillary modules (Fig. 1). The 
experiments have demonstrated that in addition 
to the desalination capacity of membranes made 
of hydrophobic polymers (polytetrafl uoroethylene 
– PTFE, polypropylene – PP), their radionuclide 
retention was highly effective. In the MD process, 
radionuclides were concentrated in the retentate, 
and the distillate was completely purifi ed water, 
with an activity at the natural background level 
(Figs. 2 and 3).

It has been revealed by numerous experiments 
and analyses that the MD process could be used 
in a nuclear power plant in the systems that allow 
on-site processing of low-activity liquid waste, 
while also producing clean water for the needs of 
the power plant. The feed water for an MD plant 
can be seawater or water from any other suitable 
source.

An example scheme of a power plant combin-
ing the production of electricity with water de-
salination is shown in Fig. 4. It generates electric-
ity for the needs of the electric grid in a system 

Fig. 2. Concentration of 137Cs in aqueous solution.
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in MD.
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consisting of a generator connected to a high-
-pressure turbine. The low-pressure steam from 
the turbine transfers the heat to the water in the 

condenser, which heats the seawater in the inter-
mediate heat exchanger. This system constitutes 
an additional loop separating the nuclear reactor 
from the desalination plant and securing the de-
salinated stream against any radioactive impurities 
coming from the nuclear reactor.

A more economical desalination process asso-
ciated with a nuclear reactor could be the MD/RO 
hybrid process, which allows for the better use of 
the heat generated by nuclear power plants and 
the recovery of energy. An additional RO unit 
powered by electricity could use water pre-heated 
with waste heat, resulting in higher product yields. 

It seems that membrane units could be a very 
important part of the water management system 
of an NPP. Low temperature systems, such as RO 
and MD, can be used for the treatment of low-
-level radioactive effl uents created in the power 
plant and to produce pure water for the different 
needs of the NPP. Such integrated water manage-
ment systems can enhance the safety of NPPs, al-
lowing them to work seamlessly, and in times of 

emergency they can facilitate the handling of any 
waste generated.

Both RO and MD are usable methods for water 
and wastewater treatment. They can be combined 
with nuclear reactors and used in power plants 
for various purposes: production of clean water 
and deionized water, as well as for the treatment 
of liquid radioactive waste. Membrane distillation 
that can be driven by the heat from the secondary 
cooling circuit seems economic for conventional 
power plants and in nuclear power facilities. This 
method is advantageous because it has the lowest 
ratio of energy input to the amount of produced 
water, high salt retention and allows easy process-
ing and equipment servicing. The MD process can 
use waste heat because it works at low tempera-
tures. 

The use of membrane techniques for radioac-
tive waste processing gives various water recycling 
possibilities, decreasing the impact of an NPP on 
the environment.
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Studies carried out in 2017 focused on the implementation of new biodosimetric tools that 
have been  developed in the frame of the strategic research project “Technologies supporting 
development of safe nuclear power engineering” from the National Centre for Research and 
Development (SP/J/6/143 339/11). Accreditation No 1577 for the retrospective radiation 
dose estimation by dicentric chromosome measurements in peripheral blood lymphocytes 
given to the Laboratory for Biological Dosimetry by the Polish Centre for Accreditation in 
2016 was sustained for next two years. The Centre participated in the interlaboratory com-
parison of methods in biological dosimetry, organized by the operational network established 
in the frame of Coordination Action project RENEB founded within the 7th EU Framework 
Programme EURATOM – Fission. In addition, new, high throughput methods for biological 
dosimetry, based on gene expression analysis are being developed.

An important research topic during the last few years has been the nanotoxicology and 
nanomedicine. Mechanism of toxicity of silver nanoparticles was studied in rat model in 
respect to their infl uence on brain functions, including long- and short-term memory. The 
Centre has also two ongoing projects on radium bearing nanozeolite radiopharmaceuticals 
against prostate and breast cancer.
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 STUDIES OF THE NITROSYLATION REACTION 
OF A PHOSPHINE COMPLEX 

MODELLING THE IRON CENTRE OF PROTEINS FROM THE CUPIN FAMILY
Hanna Lewandowska, Jarosław Sadło, Tomasz Stępkowski, Anna Lankoff, Krzysztof Łyczko

Dinitrosyl iron complexes (DNIC) with a general 
formula Fe(NO)2(L)2 have been observed in many 
organisms over a wide spectrum of physiological 
conditions. The composition of these complexes 
vary, as they are formed from different ligands con-
taining imidazole or sulfhydryl groups [1, 2].

Pirin is a recently identifi ed eukaryotic iron 
centre-containing protein from the cupin family, 
which is involved in transcriptional activation and 
apoptosis. The homologues of pirin are highly con-
served in both prokaryotic and eukaryotic cells, 
but their function remains poorly understood [3]. 
Both bacterial and human pirins have quercetinase 
enzyme activity, which is inhibited by the addition 
of typical inhibitors of quercetin 2,3-dioxygenase. 
The pirin iron centre is based on a system of three 
histidinyl ligands, the so-called trihistidinyl facial 
triad (3-His facial triad) [3].

The symmetry of the metallic centre, which is 
referred to as the facial triad, is typical of the en-
zymes in the cupin family; the ligands forming the 
“fl at” coordinating environment can be three his-
tidine imidazole rings or two histidines and one 
carboxylic group [4, 5]. A number of papers have 
modelled the coordination system of 3-His facial 
triads typical of non-haem iron dioxygenases us-
ing scorpionate ligands, e.g. substituted tris(pyra-
zolyl)methane [6] or tris(imidazolyl)phosphine 
[7, 8]. Imidazole moieties in these types of triden-
tate ligands can be bound at C2 [9] or at a C4 with 
a blocked NH nitrogen [7, 10]. Studies analysing 
structures of this type are aimed at developing 
methods of bioinspired catalysis.

Literature data indicate that nitric oxide can 
interact with the iron centre of proteins, resulting 
in the disintegration of this centre and a change 
in the proteins’ enzymatic activities [11]. Nitric 
oxide is often used as an unreactive analogue of 
diatomic oxygen in structural studies of metallic 
enzyme centres. Another advantage is its para-
magnetic character, which allows researchers to 
identify and determine the symmetry of its com-
plexes with transition metals, such as iron(II) [2], 
ruthenium(II) [12], copper(I) [13], etc. Therefore, 
obtaining synthetic complexes is very useful for 
modelling the histidinyl iron centre with nitric 
oxide. This will help in determining a number of 
steric parameters and the distribution of electron 
charge density in similar centres.
Synthesis of [Fe(4-TIPph)(OAc)(MeOH)]BPh4

The synthesis was performed according to the 
modifi ed method published in [7]. In a 5 mL round 
bottom fl ask equipped with a stopper and mag-
netic stirrer, Fe(OAc)2 (48.5 mg), 4-TipPh (128 mg) 
and MeOH (1.3 mL) were placed. The mixture was 
stirred for 30 min at low speed under a nitrogen 
atmosphere. The mixture was then fi ltered into a 
second 5 mL fl ask, a Pasteur pipette packed with 
cotton wool being used for the fi ltration. To the 

clear fi ltrate (which was a light brown colour), 
NaBPh4 (96.5 mg in 0.2 mL MeOH) was added 
dropwise; thereupon a thick precipitate formed. 
The fl ask was left on the stirrer for 1 h and then 
transferred to the refrigerator. After 24 h the solu-
tion was decanted from the crystals, and the prod-
uct was dried under vacuum for 5 h. The obtained 
dry product had a brown shade (complex 1).
Recrystallization

Twice the amount of MeOH was used relative 
to the total amount of dry product obtained from 
the reaction; this mixture was stirred for 3 h and 
then allowed to stand for 24 h in the refrigerator. 
Decantation and drying gave a light yellow powder. 
Despite attempts to recrystallize it from various 
mixtures of methanol and acetonitrile, it was not 
possible to obtain crystals of crystallographic qual-
ity. Spectroscopic, IR and UV-VIS measurements 
were made.
Nitrosylation of complex 1

NO was bubbled through 600 L of a saturated 
solution of complex 1 in acetonitrile under anaer-
obic conditions. The mixture turned a brown-green 
colour. After 10 min the reaction was completed. 
The mixture was allowed to stand for the next 2 h 
in order to allow its complete saturation with NO. 

The resulting complex 2 was vacuum-dried (dark 
green complex) and used for analysis (Scheme 1).
Examination of the structure of complex 2 

EPR spectra were measured at 100-294 K, a 
modulation amplitude of 3 G and a microwave 
power of 1 mW. The spectral parameters were de-
termined by fi tting a curve in EPRsim32 [14].

The obtained complex 2, in contrast to the 
initial complex 1, was characterized by an EPR 
signal in the range characteristic for nitrosyl iron 
complexes. The shape of the signal indicated the 

Scheme 1. Nitrosylation of 1.

Fig. 1. The EPR signal of 2. 
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anisotropic symmetry of the paramagnetic centre. 
The g-values were: 2.0655, 2.0396, 2.0130 (Fig. 1). 

The absorption spectra of the compounds were 
recorded at room temperature with a Bruker 
Equinox 55 FT-IR spectrometer. Spectra in the 
range 400-4000 cm–1 at a resolution of 1 cm–1 
were recorded using KBr pellets, and in the range 
200-600 cm–1 at a resolution of 4 cm–1 using CsI 
pellets.

The two bands at 1749 cm–1 and 1821 cm–1 
that appear in the spectrum of the nitrosylated 
4-TipPhFe(NO)2 (Fig. 2) were assigned to the two 
stretching vibrations of the non-equivalent –NO 
groups. The non-equivalence of the two stretch-
ing vibrations [15], along with a considerable dif-
ference in band intensity [16], are typical for most 
of the dinitrosyl iron complexes. The disappearing 
band at 500 cm–1 can be assigned to the (Fe-O) 
between the iron and the leaving acetate ligand, 
in accordance with other reported stretching 
bands of that type [17-19]. In turn, very weak 
bands at 448 cm–1 and 585 cm–1 can be attributed 
to the stretching and bending vibrations of the 
Fe-N bond within the Fe-NO moiety [20].
Conclusions

The obtained 3-His facial triad-mimicking 
complex was nitrosylated to form a paramagnetic 
iron(II) dinitrosyl complex. Spectroscopic spectra 
confi rmed the anisotropic nature of the paramag-
netic centre and indicated the non-equivalence of 
the two nitrosyl ligands. The obtained spectro-
scopic data can be used to analyse the nitrosyla-
tion reaction of 3-His facial triad iron centres.

This work was supported by the statutory grant 
from the Ministry of Science and Higher Educa-
tion to the INCT (020-605).
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 IMPACT OF NANOPARTICLES ON TOXIC PROPERTIES 
OF OXIDIZED LOW DENSITY LIPOPROTEIN

Sylwia Męczyńska-Wielgosz, Maria Wojewódzka, Sylwester Sommer, Iwona Grądzka, 
Barbara Sochanowicz, Iwona Buraczewska, Marcin Kruszewski, Hanna Lewandowska

Nanoparticles (NPs) and nanomaterials are de-
fi ned as substances with at least one dimension 
less than 100 nm. Due to their high surface area 
and small volume, coupled to other physicochem-
ical properties, NPs possess properties substantial-
ly different from bulk materials of the same com-
position. The increasing use of nanomaterials of 
various physicochemical properties in different 
industrial applications has greatly enhanced hu-
man exposure to NPs. Thus, it seems necessary to 
duly investigate the potential interactions of NPs 
with living organisms in order to identify poten-
tial threats that NPs may pose for human health 
and to reliably estimate the risk of their use [1, 2].

The aim of the present study was to investi-
gate the combined toxicity of NPs and oxidized 
low-density lipoprotein (oxLDL) on HepG2 cells. 
OxLDL has been shown to play a major role in 
atherosclerosis [3]. Macrophages in the arterial 
wall are able to accumulate oxLDL, forming foam 
cells. OxLDL increases the activity of the foam 
cells, while also stimulating the replication of 
macrophages and their migration into the athero-
sclerotic plaque. OxLDL is also a toxic and pro-
infl ammatory agent [4, 5]. 

OxLDL is eliminated from the blood stream by 
hepatocytes in the liver by means of the oxLDL-
-specifi c receptor CD36. However, NPs can absorb 
proteins forming an NP-protein corona, a process 
that may change the conformation of the ad-
sorbed protein and its biological properties [6]. 
Thus, in the context of the increasing exposure of 
humans to NPs, it seems interesting to examine 
the interaction of NPs and oxLDL in terms of 
their potential toxicity to human hepatocytes.

In this study we examined the impact of se-
lected NPs on the toxic properties of oxLDL to 
HepG2 cells. We used two types of NPs (approxi-
mately 20 nm in size) widely used in industry:
• silver nanoparticles (AgNPs), which are the 

most commonly used in commercial products. 
Because of their well-known antimicrobial prop-
erties, AgNPs are present in many consumer 
goods and are able to penetrate the human 
body via multiple paths [7, 8].

• titanium dioxide nanoparticles (TiO2NPs), 
which are widely used in industrial and con-
sumer products due to their strong catalytic ac-
tivity (such as antibiotics and antifungal agents, 
aerospace materials or optical fi lters) [9, 10].
Experiments were performed on human hepa-

toma HepG2 cells purchased from the American 
Type Culture Collection (ATCC, Rockville, MD, 
USA). HepG2 cells were cultured in DMEM high 
glucose (Gibco, Thermo Fischer Scientifi c, USA) 
supplemented with 10% fetal calf serum (FCS, 
Biological Industries, Israel). The cells were incu-
bated in a 5% CO2 atmosphere at 37oC. To assess 
the effect of NPs on oxLDL toxicity, an MTT assay 
was used. Cells were seeded in 96-well micro-
plates (TPP, Switzerland) at a density of 1 · 104 
cells/well in 100 L of culture medium. Twenty 
four hours after cell seeding, the cells were treated 
with AgNPs (10 g/mL, 25 g/mL) or TiO2NPs 
(10 g/mL, 50 g/mL) for 2 h. The medium con-
taining the nanoparticles was then removed, and 
the cells were washed with PBS. The oxLDL solu-
tion (50 g/mL) was added to the culture medium 
with 1% FCS; the cells were incubated for 24 h 
in the resulting medium. The oxLDL-containing 
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medium was then removed, the cells were washed 
with 150 L/well of PBS and incubated for 3 h 
with 100 L/well of MTT solution (3 mg/mL) at 
37oC. After this time, the dye solution was re-

moved, and the remaining insoluble formazan 
crystals were dissolved in 100 L/well of DMSO. 
The absorbance was measured at 570 nm in an 
Infi nite M200 plate reader spectrophotometer (Te-
can, Austria). At least three independent experi-
ments in six technical replicates were conducted 
for each experimental point. Signifi cant differ-
ences between the treated samples and the con-
trol sample were evaluated by a Student’s t-test 
using GraphPad Prism 5.0 software (GraphPad 
Software Inc., USA). 

As shown in Fig. 1A, pretreatment with AgNPs 
caused a signifi cant decrease in the toxicity of 
oxLDL. Treatment with AgNPs (25 g/mL) prior 
to the treatment with oxLDL (50 g/mL) reduced 
the metabolic activity (viability) of the HepG2 
cells to 84% of the control value, while incuba-
tion of the cells with oxLDL alone reduced their 
metabolic activity to 52% of the control value. As 
presented in Fig. 1B, preincubation with TiO2NPs 
prior oxLDL also resulted in a signifi cant reduc-
tion of the toxicity of oxLDL. Treatment of the cells 
with TiO2NPs (50 g/mL) and oxLDL (50 g/mL) 
signifi cantly decreased the metabolic activity of 
HepG2 cells to 82% of the control value, in com-
parison to incubation of the cells with oxLDL 
alone, which reduced their metabolic activity to 
52% of the control value.

To conclude, the results of this study clearly 
show that NPs signifi cantly altered the toxicity of 
oxLDL towards HepG2 cells. Therefore, a sys-
tematic study of the effects of NPs on the uptake 
and biological properties of oxLDL is needed to 
provide more information about the nature and 
mechanisms of the interactions between NPs and 
oxLDL. The study will help to determine whether 

NPs can potentially be used in the future in the 
treatment of atherosclerosis, which is one of the 
main causes of death in Poland and other indus-
trialized countries. 
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The research programme of the Laboratory of Nuclear Analytical Methods is focused on the 
development of nuclear and nuclear-related analytical methods for application in nuclear 
chemical engineering, radiobiology and environmental problems associated with the use of 
nuclear power and other specifi c fi elds of high technology. New procedures of chemical 
analysis for various types of materials are also being developed. The main areas of activity of 
the Laboratory include inorganic trace analysis, as well as analytical and radiochemical sepa-
ration methods. The Laboratory cooperates with the centres and laboratories of the INCT 
and provides analytical services for them and for the outside institutions. The Laboratory 
produces certifi ed reference materials (CRMs) for the purpose of inorganic trace analysis and 
provides profi ciency testing schemes on determination of radionuclides and trace elements in 
food and environmental samples.

The main analytical techniques employed in the Laboratory comprise: neutron activation 
analysis with the use of a nuclear reactor (instrumental and radiochemical modes), inductively 
coupled plasma mass spectrometry (together with laser ablation and HPLC), atomic absorp-
tion spectrometry, HPLC including ion chromatography, as well as gamma-ray spectrometry 
and alpha- and beta-ray counting.

In 2017, the Laboratory of Nuclear Analytical Methods conducted a profi ciency test (PT) 
regarding the determination of 3H, 226Ra, 241Am and 239Pu contents in waters, food and envi-
ronmental samples. PT was provided at the request of the National Atomic Energy Agency 
(PAA), Poland. Nine laboratories took part in the PT, including six laboratories forming 
a radiation monitoring network in Poland (at the request of the PAA) and three other labora-
tories. The profi ciency tests were provided in accordance with the requirements of ISO/IEC 
17043:2010, ISO 13528:2015 and the IUPAC International Harmonized Protocol (2006).

In 2017, the Food and Environmental Laboratory (FEL) provided services to municipal 
and private customers. The Laboratory specializes in the determination of radionuclides in 
waters and foodstuffs, as well as in environmental samples. Applied analysis methods have 
been approved by the State Sanitary Inspection.
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Bisphenol A (BPA) (Fig.1) is a well-known hazard-
ous endocrine disruptor that exhibits hormone-like 
properties. It has also been found that BPA shows 
mutagenic effects and acute toxicity to various 
organisms [1]. 

It is widely used in many polymers, epoxy resins 
and paper products. The worldwide annual pro-
duction of BPA is estimated at about 3 million 
tons, and is still increasing due to the strong de-
mand for polymers and epoxy resins [2, 3]. BPA 
is water soluble (about 300 mg/L), and therefore 
BPA-containing waste can readily release BPA into 
the aquatic environment. It has already been proved 
that BPA is ubiquitously distributed in the natural 
environment and surface waters [4].

The aim of these studies was further investiga-
tion of the decomposition of BPA, and the forma-
tion of by-products, during the application of ion-
izing radiation for the treatment of its solution in 
deionized water, as well as in real samples of river 
water. Earlier results obtained from studies on the 
application of ionizing radiation to BPA for envi-
ronmental purposes have been promising [5-9]. 

Generally, it is known that BPA’s percentage 
decomposition increases with an increase in the 
absorbed dose, and decreases with increasing ini-
tial concentration, for both gamma and electron 
beam (EB) irradiation. It was also found that for 
aerated solutions containing BPA at an initial 
concentration of 50 mg/L and pH 4.0, the chemi-
cal oxygen demand (COD) was decreased after 
gamma irradiation by 40% for an absorbed dose 
of 600 Gy, and by 60% for an absorbed dose of 1.0 
kGy [6]. Greater BPA removal was observed, 
however, in more acidic conditions [8]. It means 
that BPA removal by radiolytic processes was 
mainly controlled by OH radical-induced oxida-
tion. The second-order reaction rate constants 
with e–

aq and OH were determined when EB irra-
diation was applied to decompose BPA [7]. Their 
values were found to be 1.85 · 1010 M–1 s–1 for 
BPA’s reaction with OH, and 1.8 · 109 M–1 s–1 for 
its reaction with e–

aq. The rate constant of BPA’s 
reaction with OH is about ten times higher than 
that with e–

aq, which indicates that although both 
OH and e–

aq can react with BPA, OH radicals are 
more effi cient reagents for the radiolytic decom-
position of BPA. 

In the conducted experiments, aqueous solu-
tions of BPA were gamma-irradiated using a 60Co 
source Gamma Chamber 5000 with a dose rate 

3.85 kGy/h. The samples were irradiated in closed 
10 mL conical glass fl asks, and dosimetry was 
carried out with Fricke solution. The monitoring 
of the decomposition of BPA and the identifi ca-
tion of its products were carried out with the 
use of liquid chromatography-mass spectrometry 
(LC-MS) analysis, employing an Agilent 1290 
Infi nit y HPLC instrument with an Agilent 6530 
Q-TOF mass spectrometer with electrospray ioni-
zation (ESI). HPLC separations were carried out 
using an Agilent Bonus-RP column (2.150 mm, 
1.8 m) and gradient elution, with eluent A being 
5 mM ammonium acetate and eluent B methanol; 
the fl ow rate was 0.4 mL/min, the concentration 
of B was increased from 0 to 95% between 0 
and 8 min, and at 10 min the concentration of A 
was 100%. The MS conditions were as follows: 
dual AJS ESI ion polarity – negative, drying gas 
– 8 L/min, sheath gas temperature – 200oC, 
sheath gas fl ow – 11 L/min, fragmentor voltage – 
110 V, skimmer voltage – 65 V, and examined 
mass range – 100-1700 m/z. The solid-phase pre-
concentration of the analytes was carried out with 
Oasis HLB columns (Waters), which were condi-
tioned by fl ushing with 3 mL methanol and 3 mL 
water at 5 mL/min; 500 mL of sample was then 
loaded. The bed was next rinsed with 1 mL 5% 
methanol, and the analytes were eluted with 2 mL 
methanol. 

Generally, the radiolysis of water in deaerated 
solutions leads to the formation of various prod-
ucts according to the scheme [10]: 

H2O or EB OH (0.28), e–
aq (0.28), H (0.062), 

H2 (0.047), H2O2 (0.073), H3O+ (0.28) 
In air-saturated solutions, however, the reactive 

species are the OH radicals, as hydrated electrons 
and H are scavenged by dissolved oxygen. The 
numbers in parentheses in the above equation in-
dicate the radiation chemical yields (G-values) 
expressed in M J–1 units. The G-values also cor-
respond to the number of molecules consumed or 
produced in a given reaction per 100 eV of energy 
absorbed as a result of radiation. 

Fig. 1. Structure of bisphenol A (4,4’-(propane-2,2-diyl)
diphenol). 

Fig. 2. The yield of BPA removal in gamma irradiation 
process from 10 mg/L BPA aerated solution of pH 7.0. 
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After gamma irradiation of aqueous aerated 
solutions of BPA at an initial concentration of 10 
mg/L, chromatographic analysis with quadrupole 
time of fl ight (Q-TOF) detection was carried out 
for solutions irradiated with different doses. It was 
found that practically complete decomposition of 
this initial amount of BPA was achieved after the 
absorption of a 0.5 kGy irradiation dose (Fig. 2). 
These results are in agreement with our earlier 
studies [5]. The decomposition products of BPA 
at dose range up to 1 kGy were identifi ed using 
LC-Q-TOF measurements (Fig. 3). The available 
literature data on radiolytic degradation of BPA 
indicate that the main degradation products are 
monohydroxylated BPA and dihydroxylated BPA 

[6, 8]. It was postulated that the main chemical 
process in the decomposition of BPA was hydroxy-
lation, which results in the formation of different 
aromatic hydroxylated derivatives. The formation 
of these species can be explained based on the sta-
bilization of the aromatic radical generated after 
the loss of an H promoted by HO. Peller et al. [9] 
suggested that subsequent formation of the hy-
droxylated product takes place only in pure water 
or very highly treated wastewater. In our experi-
ment, monohydroxylated BPA (m/z = 243.1026) 
and a small amount of dihydroxylated BPA (m/z 
= 259.0976) were also found after irradiation 
with the 1 kGy dose. Additionally, the following 
species were identifi ed in solution after irradia-

Fig. 4. Mass spectra of products identifi ed in 10 mg/L BPA solution of pH 7.0 after gamma irradiation with absorbed 
dose 0.75 kGy. For identifi cation of measured species with m/z values indicated in circles, see Table 1. 

Fig. 3. Extracted ion chromatograms (EIC) obtained for 10 mg/L BPA aerated solution of pH 7.0 after gamma irradiation 
with absorbed dose 1.5 kGy. For identifi cation of measured species, see Table 1. 
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tion: a quinone of monohydroxylated BPA (m/z = 
241.0870), p-hydroxyacetophenone (m/z = 
135.0451), 4-(1-hydroxypropan-2-yl)catechol (m/z 
= 151.0764), a quinone of dihydroxylated BPA 
(m/z = 257.0819) and also a coupling product 
with m/z = 319.1339 (Figs. 3 and 4). The concen-
tration of these compounds decreased with an in-
crease in the absorbed dose. Other compounds 
identifi ed by us (Table 1) were previously found 
as products of other advanced oxidation processes 
(AOPs), such as photodegradation [11], an ozone/ 
persulphate process [12] or photooxidation with 
hydrogen peroxide and sodium persulphate [13]. 
The main route of BPA decomposition in these 
processes was also postulated to be hydroxylation 
followed by dehydration, coupling and ring-open-
ing reactions.

The radiolytic decomposition of BPA was also 
investigated in real environmental matrices made 
up of river water from various regions of Poland. 
The pH values and the content of organic com-
pounds, expressed by total organic carbon (TOC) 
values, for the examined samples are presented in 
Table 2. The 250 mL river water samples used for 

irradiation were spiked with 1.0 g/L (4.4 pM) 
BPA prior to irradiation with doses up to 100 Gy. 
The irradiated samples were analysed, employing 
the solid-phase extraction pre-treatment that had 
been developed earlier [5]. As shown in Fig. 5, the 
dose needed for practically complete decomposi-
tion of 1 g/L BPA in deionized water was 30 Gy. 
The effect of the matrices of river water on the 
decomposition yield, in spite of their low loading 
with organic substances as shown by TOC values, 

was quite substantial. For samples of water from 
the Vistula and Brda rivers, about 90% decompo-
sition of 1 g/L BPA required an absorbed dose 
of 100 Gy, while in the case of samples from the 

Table 2. Characteristics of river water samples used as 
natural matrices for radiolytic decomposition of BPA.

Table 1. Products of radiolytic decomposition of BPA identifi ed by LC/MS with indicated m/z values measured (exp.) 
and theoretical (calc.).

Compound Molecular structure m/z 
(exp.)

m/z 
(calc.)

Error 
[ppm]

Found in another AOPs 
[Reference]

BPA
OH

CH3

OH

CH3  

227.1071 227.1078 0.7 photolytic [11]
ozone/persulphate [12]
H2O2/persulphate [13]

p-Hydroxyacetophenone O

OH

CH3  

135.0448 135.0451 0.3 H2O2/persulphate [13]
UV-C/peroxymonosulphate [14]

4-(1-Hydroxypropan-2-yl) 
catechol OH

CH3

OH

CH3  

151.0760 151.0764 0.4 ozone/persulphate [12]
photo-Fenton [15]

Quinone 
of monoxydroxylated BPA 

O

OH

CH3

CH3

O

241.0875 241.0870 -0.5 photolytic [11]
H2O2/persulphate [13]
TiO2 photocatalytic/photolytic [16]
UV-C/peroxymonosulphate [14]

Monohydroxylated BPA OH

OH

CH3

CH3

OH

 

243.1028 243.1026 -0.2 gamma irradiation [6, 8]
photolytic [11]
H2O2/persulphate [13]
UV-C/peroxymonosulphate [14]

Dihydroxylated BPA OH

OH

CH3

CH3

OH

OH

 

259.0974 259.0976 0.2 gamma irradiation [6, 8]
photolytic [11]

Quinone of dihydroxylated 
BPA

O

CH3

CH3

O

OH

OH  

O

CH3

CH3

O

OHOH  

257.0813 257.0819 0.6 H2O2/persulphate [13]
UV-C/peroxymonosulphate [16]

Coupling product CH3

CH3

OHOH O

 
319.1334 319.1339 0.5 UV-C/peroxymonosulphate [16]

River 
(place of sampling) pH Total organic carbon 

[mg/L]

Vistula (Cracow) 7.82 5.43

Odra (Opole) 7.64 5.26

Brda (Bydgoszcz) 7.66 4.97
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Odra river, for an absorbed dose of 100 Gy about 
70% decomposition was observed. These data in-
dicate a quite substantial scavenging effect of 
other matrix components or other organic pollut-
ants present in treated river water samples. In 
Table 3 there are listed G-values calculated for 
the smallest applied dose and the values of rate 
constants for pseudo-fi rst order decomposition 
reactions of BPA under the applied conditions for 

radiolytic decomposition of samples containing 
1.0 g/L BPA. The obtained pseudo-fi rst order 
rate constant for radiolytic decomposition of BPA 
indicates that it is a much faster process com-
pared to many other investigated AOPs. For in-
stance, for photolytic decomposition the corre-
sponding rate constants were 0.010 min–1 [11] 
and 0.0186 min–1 [14], for photolysis carried out 
in the presence of persulphate – 0.0118 min–1 [13], 
with persulphate and ozone – 0.0149 min–1 [12], 
or with peroxymonosulphate – 0.025 min–1 [14], 
while for photocatalytic processes with TiO2 – 
0.032 min–1 [11] and 0.0973 min–1 [16], and then 
for the photo-Fenton process – 0.0087 s–1 [15].

Compared to many other environmental pol-
lutants, the decomposition of which has been 
examined with the use of ionizing radiation [17], 
BPA can be very effi ciently and practically re-
moved from aerated natural waters due to its high 
reactivity with OH radicals, without any addi-
tional chemical adjustment of the treated samples. 
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obtained from gamma irradiation of 1 g/L BPA solution 
in deionized water and in river water samples spiked with 
1 g/L BPA. G-values were calculated for the smallest ap-
plied dose – 10 kGy. 

Sample G-value [M J–1] k [s–1]

Solution in deionized water 0.00033 0.15

Vistula river 0.00017 0.40

Odra river 0.00010 0.23

Brda river 0.00024 0.40
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PROFICIENCY TEST ON THE DETERMINATION 
OF ACTIVITY CONCENTRATIONS OF 226Ra, 241Am, 239Pu AND 3H 

IN FOOD AND ENVIRONMENTAL SAMPLES
Halina Polkowska-Motrenko, Leon Fuks, Paweł Kalbarczyk, Jakub Dudek, Irena Herdzik-Koniecko, 

Krzysztof Kulisa

[17]. Trojanowicz, M., Bobrowski, K., Szreder, T., & Bo-
janowska-Czajka, A. (2018). Gamma-ray, X-ray and 
electron beam processes as an Advanced Oxidation 

Processes. In S. Ameta, R. Ameta (Eds.), Advanced 
oxidation processes for wastewater treatment (pp. 
257-331). Academic Press – Elsevier. 

The participation of laboratories in interlabora-
tory comparisons (ILCs) and profi ciency tests 
(PTs) is a unique way to demonstrate the labora-
tories’ abilities to conduct specifi c measurements 
in an objective and externally comparable manner. 
The determination of radioactive isotopes in vari-
ous food and environmental samples by the radio-
chemical laboratories forming the radiation moni-
toring network in Poland is required by a regula-
tion of the Polish government [1]. Following a 
request by the President of the National Atomic 
Energy Agency (PAA), in 2017 the Institute of 
Nuclear Chemistry and Technology (INCT) con-
ducted PT on the determination of 226Ra, 241Am, 
239Pu and 3H in drinking water, 241Am and 239Pu in 
wheat fl our and 239Pu in soil. The PT was carried 
out according to ISO/IEC 17043:2010 [2], the 
IUPAC International Harmonized Protocol (2006) 
[3] and ISO 13528:2015 [4].
Test materials

Test materials and activity concentrations of 
radionuclides requested by the PAA are shown in 
Table 1.

Six laboratories from the radiation monitoring 
network in Poland and three laboratories from 
outside the network took part in the PT. The ac-
tivity of raw material candidates for test materials 
was measured, and materials of appropriate low 
initial activity concentrations of the aforemention-
ed radionuclides were chosen (Table 1). The test 
materials were prepared by spiking the chosen 
raw materials with a certifi ed standard solution of 
only one radionuclide. All the water test materials 
and the wheat fl our spiked with 241Am were pre-
pared in this way, ensuring their homogeneity. 
The wheat fl our and soil samples spiked with 
239Pu were not homogeneous, being prepared indi-
vidually for each participant. In these cases, work-

ing solutions of 239Pu were weighed and added to 
samples of raw materials. Participants were in-
formed that the test samples containing 239Pu 
were not homogeneous and the total mass of the 
sample should be taken to analysis. The details of 
the preparation of test materials have been pub-
lished earlier [5, 6].

Reference values of the activity concentra-
tions of 3H, 226Ra, 241Am and 239 Pu in drinking 
water, wheat fl our and soil were determined from 
the formulation details and from the certifi ed ac-
tivity values given in the certifi cates, considering 
the successive dilution steps, the mass of the spik-
ing solutions and the mass of the test material be-
ing spiked [3, 4]. The expanded combined stand-
ard uncertainty U (k = 2, which corresponds to 
95% probability) was evaluated in accordance 
with GUM [7]. The following sources of uncer-
tainty were taken into account: the uncertainty of 

Table 1. Test materials to be prepared.

Test material Nuclide
Activity 

concentration 
requested by the PAA

Drinking water 1H1/17 3H 0.5-5 Bq/L

Drinking water 1H2/17 3H 15-30 Bq/L

Drinking water 1R1/17 226Ra 0.5-1 Bq/L

Drinking water 1R2/17 226Ra 2-3 Bq/L

Drinking water 1P1/17 239Pu 1-2 Bq/L

Drinking water 1A1/17 241Am 0.5-2 Bq/L

Wheat fl our 2A1/17 241Am 5-10 Bq/kg

Wheat fl our 2P1/17 239Pu 0.5-1 Bq/kg

Sand 3P1/17 239Pu 0.5-1 Bq/kg

Table 2. Reference values of activity concentration of 3H, 226Ra, 241Am and 239 Pu in drinking water and 241Am in wheat 
fl our.

Test material Nuclide Xref ± U (k = 2), reference date

Drinking water 1H1/17 3H 4.11 ± 0.25 Bq/L on 23 June 2017

Drinking water 1H2/17 3H 21.02 ± 0.60 Bq/L on 23 January 2017

Drinking water 1R1/17 226Ra 0.837 ± 0.041 Bq/L on 5 February 1998

Drinking water 1R2/17 226Ra 2.48 ± 0.12 Bq/L on 5 February 1998

Drinking water 1P1/17 239Pu 1.01 ± 0.10 Bq/L on 1 May 2015

Drinking water 1A1/17 241Am 1.640 ± 0.049 Bq/L on 11 June 2001

Wheat fl our 2A1/17 241Am 9.260 ± 0.444 Bq/kg on 11 June 2001
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the certifi ed values of activity concentration of the 
certifi ed standard solutions provided in the cer-
tifi cates, weighing of the standard solutions and 
raw materials, and (in the case of solid materials) 
uncertainty due to dry mass determination. The 
assigned values, together with their expanded un-
certainties (k = 2), are shown in Tables 2 and 3.
Evaluation of results

The performance of each laboratory has been 
expressed in terms of z and zeta scores [2, 3]:

 lab pt

pt

X X
z





 (1)

  

 

lab pt

2 2
lab pt

X X

u u(X )
zeta




  
(2)

where: Xlab – result reported by the participant, 
Xpt – assigned value, u(Xpt) – standard uncertainty 
of assigned values, ulab – standard uncertainty re-
ported by the participant, pt – standard deviation 
for profi ciency assessment.

Xlab is the mean of the individual measurement 
results as reported by the participant or as calcu-
lated by the PT organizer when no mean was re-
ported. The z-score value |z|< 3 has been set as 
an acceptance level for this PT [2-4].

The zeta-score provides information on whether 
the laboratory uncertainty estimation is consist-
ent with its deviation from the reference value. 
The zeta-score value should be analysed together 
with the z-score value calculated for the same lab-
oratory result. The interpretation of the zeta-score 
value is similar to that of the z-score value [2, 3].

The results obtained by the participants were 
also evaluated according to the criteria for true-
ness and precision proposed by the International 
Atomic Energy Agency (IAEA) [8, 9]. The criteria 
are as follows:
1. Result passes trueness criterion if:

 
2 2

ref lab ref labx x 2.58 u u    (3)

2. Result passes precision criterion if:

                                            pt  (4)            

2 2

ref lab

ref lab

u u 100%
x x

   
    

      
where pt (in %) denotes the standard deviation 
for profi ciency assessment used in the calculation 
of the z-score value or the maximum value of un-
certainty that can be accepted.

Measurement results reported as smaller than 
the limit of detection of the analytical procedure 
applied by the laboratory ( LOD) were assumed 
to be acceptable if the activity concentration was 

Table 3. Reference values of activity concentration of 239Pu in wheat fl our and soil.

Wheat fl our 2P1/17 X ± U (k = 2) [Bq/kg] 
on 1 May 2015 Soil 3P1/17 X ± U (k = 2) [Bq/kg] 

on 1 May 2015

2P1/17/A1 0.897 ± 0.045 3P1/17/A1 0.616 ± 0.031

2P1/17/A2 0.922 ± 0.046 3P1/17/A2 0.698 ± 0.035

2P1/17/A3 0.923 ± 0.046 3P1/17/A3 0.836 ± 0.042

2P1/17/C1 0.918 ± 0.046 3P1/17/C1 0.738 ± 0.037

2P1/17/F1 1.014 ± 0.051 3P1/17/F1 0.725 ± 0.036

2P1/17/J1 0.756 ± 0.038 3P1/17/J1 0.756 ± 0.038

Table 4. Value (percent of assigned value) of standard de-
viation for profi ciency assessment pt.

Test material
3H 226Ra 241Am 239Pu

pt [%]

Drinking 
water

1H1/17 – 25
1H2/17 – 5

8 8 20

Wheat fl our - - 8 12

Soil - - - 12

Table 5. Summary of the scoring of the results provided by the participants – tests z and zeta.

Test material
Number of results 

provided by 
the participants

Number of results 
accepted/unaccepted 

by test z 

Number of results 
accepted/unaccepted 

by test zeta 

Number of qualitative 
( LOD) results/number 

of accepted ones

Drinking water 1H1/17 9 3/3 3/3 3/3

Drinking water 1H2/17 10 6/4 7/3 -

Drinking water 1R1/17 7 6/1 6/1 -

Drinking water 1R2/17 7 7/0 7/0 -

Drinking water 1P1/17 5 4/1 2/3 -

Drinking water 1A1/17 8 8/8 7/1 -

Wheat fl our 2A1/17 6 6/6 5/1 -

Wheat fl our 2P1/17 3 3/3 3/3 -

Soil 3P1/17 3 3/3 3/3 -
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below the detection limit of the analytical method 
applied by the laboratory.

The standard deviation for the profi ciency as-
sessment, pt, was calculated as the standard de-
viation of reproducibility equal to the standard 
deviation of the arithmetic mean of all the labora-
tory means calculated after rejection of the out-
liers. The established values for pt are shown in 
Table 4. 

The scoring of the results provided by the par-
ticipants is summarized in Tables 5 and 6. The re-
sults of the scoring show good performances of all 
the laboratories participating in the PT, especially 
taking into account that low activity concentra-
tions were measured. The results supplied by the 
laboratories forming the radiation monitoring net-
work in Poland confi rm their competency. Even 
so, the participants have had the opportunity to 
compare their results with those of other labora-
tories and improve the quality of their routine 
analyses.
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Table 6. Summary of the scoring of the results provided by the participants – the IAEA approach.

Test material
Number of results 

provided by
 the participants

Number of results 
passed criteria 

for trueness

Number of results 
passed criteria 
for precision

Number 
of accepted results 

(passed both criteria)

Drinking water 1H1/17 6 3 5 2

Drinking water 1H2/17 10 7 9 6

Drinking water 1R1/17 7 6 7 6

Drinking water 1R2/17 7 7 7 7

Drinking water 1P1/17 5 1 5 1

Drinking water 1A1/17 8 6 8 6

Wheat fl our 2A1/17 6 5 6 5

Wheat fl our 2P1/17 3 3 3 3

Soil 3P1/17 3 3 3 3

RECERTIFICATION OF THE POLISH REFERENCE MATERIALS: 
MODAS-2 BOTTOM SEDIMENT (M-2 BotSed), MODAS-3 HERRING TISSUE 

(M-3 HerTis), MODAS-4 CORMORANT TISSUE (M-4 CormTis) 
AND MODAS-5 COD TISSUE (M-5 CodTis)

Zbigniew Samczyński, Halina Polkowska-Motrenko, Rajmund S. Dybczyński, Iga Zuba, 
Ewelina Chajduk

The certifi ed reference materials (CRMs) – 
MODAS-2 Bottom Sediment (M-2 BotSed), 
MODAS-3 Herring Tissue (M-3 HerTis), 
MODAS-4 Cormorant Tissue (M-4 CormTis) and 
MODAS-5 Cod Tissue (M-5 CodTis) – were pre-
pared and certifi ed in 2012-2015 within the scope 
of the MODAS consortium, consisting of seven 

Polish universities and institutes, as well as LGC 
Standards (Polish branch). The elemental contents 
of the above-mentioned CRMs were certifi ed by 
the Institute of Nuclear Chemistry and Technol-
ogy (INCT) on the basis of a worldwide interlab-
oratory comparison in which 46 to 54 laboratories 
from 13 countries (Poland, Argentina, Austria, Bul-
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garia, Brazil, Hungary, Indonesia, Italy, Norway, 
Pakistan, Romania, Russia and Slovenia) partici-
pated. The participating laboratories provided the 
results of the analyses of the candidate CRMs, 
which were performed mainly by atomic absorption 
spectrometry (AAS), inductively coupled plasma 
mass spectrometry (ICP-MS), inductively coupled 
plasma optical emission spectrometry (ICP-OES) 
and neutron activation analysis (NAA) methods. 
The frequency of their use is shown in Fig. 1. As 
can be seen, mass spectrometry with ionization 
in inductively coupled plasma was the most fre-
quently applied method. However, comparing the 
values of the uncertainty of the results obtained 

by the individual methods, it can be noted that 
the uncertainty of the ICP-MS result was, as a 
rule, the highest among all the results (Fig. 2). It 
can be seen that the lowest value of uncertainty 
was seen with the NAA results. This is one of the 
reasons why NAA plays so important role in the 
certifi cation of RMs for the purpose of inorganic 
trace analysis [1, 2].

So, when the participating laboratories pro-
vided some new results obtained by NAA after 
the deadline (April 15, 2014) for supplying ana-
lytical results, it was decided to create new data-
bases from all the obtained results and to subject 
them to statistical analysis in order to establish 
new certifi ed values. The INCT approach of certi-
fi cation was applied [3]. This approach is based 
on the outlier rejection procedure, which uses 
four statistical criteria concurrently, namely those 
of Dixon (D), Grubbs (G), Skewness (S) and 
Kurtosis (K), at  = 0.05, followed by calcula-
tions of the overall means of the results (remain-
ing after the outlier rejection), standard devia-
tions, standard errors, confi dence intervals, etc. 

The criteria used to decide whether the overall 
mean can be given the status of the certifi ed value 
were as follows:

1. The ratio of the one-sided confi dence interval 
and the overall mean:

 0.05 20% (trace elements)SD t
10% (major elements)X N


  

 (1)

or relative standard deviation:

 
25% (trace elements)SD
15% (major elements)X


 

 (2)

For the purpose of this work, elements with 
concentrations exceeding 5000 mg kg–1 (ppm) 
were considered to be the major elements. 

2. The overall mean was calculated on the basis 
of at least four “accepted” laboratory means 
(N  4) obtained by more than one analyti-
cal technique. If results obtained by the use 
of only one analytical technique are available, 
the number of “accepted” laboratory averages 
used for the calculation of the overall mean 
cannot be smaller than fi ve (N  5).

3. If the conditions (1) and (2) are fulfi lled, but 
the number of outliers exceeds 50%, an addi-
tional procedure is activated which repeats the 
process of outlier rejection from the beginning, 
simultaneously checking the changes in the 
mean and standard deviation accompanying 
successive rejections. The process of rejecting 
of outliers is then stopped when the successive 
change in both the mean and standard devia-
tion becomes lower or equal to 15%. The con-
dition (1) is then rechecked.

4. If the above criteria are met, but there are indi-
cations that after outlier rejection performed 
on the whole population, the remaining popu-
lations of results obtained by various analyti-
cal techniques differ signifi cantly, the assign-
ment of certifi ed value is suspended, and its 
status is described as “information” only.
“Information” values were assigned to those 

elements for which the results, while not simulta-
neously fulfi lling the conditions (1)-(4), still ful-
fi lled the following condition:

   0.05 50% (trace elements)SD t
30% (major elements)X N


  

 (3)

calculated on the basis of at least three “accepted” 
laboratory averages; such values are quoted as 
numbers only, i.e. without confi dence intervals. 
The elements for which the obtained values did 
not fulfi l the above criterion were considered to 
be out of any classifi cation. In the case of some 
elements (As, Cd, Co, Cr, Fe, Se and U), the cor-
rectness of certifi cation was additionally confi rm-
ed by defi nitive methods (primary reference meas-
urement procedures) based on radiochemical neu-
tron activation analysis (RNAA) [4-8] and (in the 
case of Hg) by isotope dilution mass spectrometry 
(IDMS) [9, 10]. Traceability to the SI system was 
maintained because the laboratories, along with 
the analysis of MODAS samples, also analysed 
CRMs with a similar matrix. The new certifi ed, as 
well as the information values, are presented in 
Tables 1-4.

As additional results obtained by NAA have 
been taken into account, the uncertainties of the 

Fig. 1. Frequency of use of analytical methods in the inter-
laboratory comparison. 

Fig. 2. Uncertainty of the mean results obtained by differ-
ent analytical methods.
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Table 1. Certifi ed and information values for M-2 SedBot.

Certifi ed values for M-2 BotSed 

macroconstituents trace elements

element concentration [wt%] element concentration [mg kg–1] element concentration [ng g–1]

Al 3.77 ± 0.39 As 7.07 ± 0.67 Bi* 363 ± 94

Ca 6.41 ± 0.56 Ba 266 ± 37 Eu 855 ± 85

Mn 0.102 ± 0.005 Cd 2.17 ± 0.13 Hg 884 ± 53

P 0.175 ± 0.015 Ce 63.1 ± 5.7 Ho*   706 ± 131

Ti 0.325 ± 0.044 Co 7.85 ± 0.72 Lu 337 ± 64

Cs 4.21 ± 0.29 Sb   955 ± 167

Cu 32.9 ± 1.8 Tb 693 ± 53

Dy* 3.66 ± 0.62

Er* 2.06 ± 0.40

Ga 8.96 ± 1.25

Gd* 5.06 ± 0.39

La 28.6 ± 3.5

Li 27.3 ± 3.7

Mo 1.01 ± 0.15

Nb 11.2 ± 1.69

Nd 27.1 ± 3.3

Ni 35.4 ± 2.5

Pb 35.9 ± 2.9

Pr* 7.00 ± 0.81

Rb 71.5 ± 4.1

Sc 7.08 ± 0.71

Sm 5.23 ± 0.37

Sn 3.17 ± 0.65

Sr 197 ± 17

Th 10.3 ± 0.9

U 2.58 ± 0.48

V 80.4 ± 10.3

Y 20.9 ± 4.0

Yb 2.37 ± 0.43

Zn 275 ± 14

* Certifi ed on the basis of results obtained by a single analytical method.

Information values for M-2 BotSed

element value unit element value unit

Ag 1.14 mg kg–1 Na 4273 mg kg–1

Be 1.23 mg kg–1 S 2606 mg kg–1

Br 13.9 mg kg–1 Se 1.57 mg kg–1

Cr 68.3 mg kg–1 Ta 1.01 mg kg–1

Fe 2.598 wt% Tl 0.621 mg kg–1

Hf 11.6 mg kg–1 Tm 0.294 mg kg–1

K 1.106 wt% W 2.43 mg kg–1

Mg 5695 mg kg–1 Zr 434 mg kg–1
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Table 2. Certifi ed and information values for M-3 HerTis.

Certifi ed values for M-3 HerTis

macroconstituents trace elements

element concentration [wt%] element concentration [mg kg–1] element concentration [ng g–1]

Cl 2.68 ± 0.46 As 9.22 ± 0.79 Ag 36 ± 5

K 1.17 ± 0.12 Ba 2.71 ± 0.28 Cd 325 ± 30

Mg 0.30 ± 0.02 Br 111 ± 11 Co 69 ± 6

Na 1.92 ± 0.17 Cu 3.19 ± 0.22 Cr 919 ± 105

P 2.35 ± 0.39 Fe 190 ± 13 Cs 83.3 ± 7.5

S 0.93 ± 0.10 Mn 5.78 ± 0.61 Hg 227 ± 21

Rb 2.32 ± 0.19 Li 896 ± 113

Se 2.62 ± 0.24 Mo 127 ± 20

Sr 192 ± 15 Ni 316 ± 49

Zn 111 ± 6 Pb 104 ± 13

Sb 15.8 ± 3.8

Sc* 3.2 ± 0.4

U 75.2 ± 8.2

V* 782 ± 112

* Certifi ed on the basis of results obtained by a single analytical method.

Table 3. Certifi ed and information values for M-4 CormTis.

Certifi ed values for M-4 CormTis

macroconstituents trace elements

element concentration [wt%] element concentration [mg kg–1] element concentration [ng g–1]

K 1.19 ± 0.08 Br 11.1 ± 0.9 As 121 ± 12

Mg 0.10 ± 0.01 Cu 19.5 ± 1.2 Cd 17.2 ± 2.1

Na 0.22 ± 0.02 Fe 281 ± 16 Co 40.4 ± 3.9

P 0.89 ± 0.14 Hg 2.20 ± 0.14 Cs 35.4 ± 4.6

S 1.04 ± 0.11 Mn 2.12 ± 0.18 Sb 66.7 ± 12.2

Pb 2.33 ± 0.28 V* 7.8 ± 1.2

Rb 13.3 ± 0.8

Se 1.27 ± 0.12

Sr 0.24 ± 0.03

Zn 63.4 ± 3.5

* Certifi ed on the basis of results obtained by a single analytical method.

Information values for M–3 HerTis

element value unit element value unit

Ca 3.73 wt% Y 9.6 ng g–1

Sm 1.8 ng g–1

Information values for M-4 CormTis

element value unit element value unit

Ag 3.8 ng g–1 Cr 160 ng g–1

Ca 258 mg kg–1 Mo 91 ng g–1
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corrected values are lower than before. Analysis 
of the CRMs by RNAA primary reference meas-
urement procedures (defi nitive methods) allowed 
confi rmation of the correctness of the certifi ca-
tion procedure for the elements for which such 
procedures were available. In the case of Cr, it was 
also possible to establish tentative certifi ed values 
for M-4 CormTis and M-5 CodTis. These values 
were as follows: for M-4 CormTis 0.147 ± 0.010 
mg kg–1 and for M-5 CodTis 0.205 ± 0.018 mg kg–1. 
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Certifi ed values for M-5 CodTis

macroconstituents trace elements

element concentration [wt%] element concentration [mg kg–1] element concentration [ng g–1]

Cl 0.41 ± 0.04 As 1.65 ± 0.26 Ba 162 ± 28

K 1.92 ± 0.12 Br 24.8 ± 3.3 Cs 59 ± 5

Mg 0.12 ± 0.02 Cu 1.38 ± 0.09 Hg 310 ± 22

Na 0.34 ± 0.02 Fe 13.3 ± 1.1 Mn 921 ± 75

P 0.96 ± 0.12 Rb 4.54 ± 0.31

S 1.05 ± 0.16 Se 1.33 ± 0.10

Sr 4.07 ± 0.36

Zn 20.2 ± 1.1

Table 4. Certifi cation and information values for M-5 CodTis.

Information values for M-5 CodTis

element value unit element value unit

Bi 7.0 ng g–1 Cr 205 ng g–1

Ca 0.11 wt% Li 26 ng g–1

Cd 5.0 ng g–1 Ni 136 ng g–1

Co 19 ng g–1 Pb 45 ng g–1
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The activities of the Laboratory are concentrated on:
• studies of coordination polymers built of s block metals and azine carboxylate ligands,
• synthesis of nanoscale porous metal organic framework (nanoMOF) materials, 
• synthesis of functional materials – silver-modifi ed cotton and cellulose fibres using radia-

tion beam techniques,
• improvement of the usable surface properties of special materials applied in nuclear energy 

technologies (zirconium alloys, steels) using high intensity pulsed plasma beams (HIPPB),
• characterization of art objects.

Porous coordination polymers, also called metal organic framework materials, have be-
come a topical subject in recent years. They exhibit unique pore architecture and a broad 
range of potential applications. The latter include greenhouse gas removal, storage of gases 
and the selective separation of components of gaseous mixtures that are of interest for the 
development of modern energy technologies. In the case of MOFs, the pores’ structure and 
the host-guest molecules’ interaction can be tailored relatively easily for a potential applica-
tion by carefully combining the ligand and the type of metal ion. At present, many potential 
applications of MOFs require them to be obtained at a nanometre scale. Nanoscopic dimen-
sions are essential to provide MOFs with high surface areas, and for tuning their properties 
(catalytic, separation, sensing and sorption). One application requiring such dimensions is 
mixed matrix membrane synthesis, where MOF’s particles are used as fi llers in a polymer 
matrix. Others include MOFs with size-dependent properties (optical, electrical and mag-
netic) and biocompatible materials for biomedical applications, e.g. encapsulation and trans-
port of drugs. The integration of nanoscale MOFs onto porous supports would be advanta-
geous for creating thin layer membranes. Studies performed recently in the Laboratory of 
Material Research concerning the synthesis of nanoscale MOFs are reported. The applied 
methods include template synthesis in the pores of track-etched membranes with well-de-
fi ned cylindrical pores, synthesis in microfl uidic fl ow reactors and the synthesis of MOFs on 
the surface of porous alumina substrates and also on composites with graphene oxide.

Zirconium, due to its good water corrosion and radiation resistance at the normal working 
conditions of nuclear reactors, is commonly used as cladding material for fuel elements. 
However, in the case of LOCA (loss-of-coolant accident) conditions, the possible extremely 
fast oxidation of zirconium in a steam atmosphere, or in an air/steam mixture, at tempera-
tures above 800oC results in intense hydrogen generation and a possible hydrogen-oxygen 
mixture explosion. These events, despite being very rare, negatively infl uence the public 
acceptance for nuclear energy and result in high restoration costs for the accompanying 
damages. The development of methods to minimize the risk in the case of design-basis and 
beyond design-basis accidents is urgently needed. Materials with enhanced tolerance to high 
temperature oxidation have already been proposed for this purpose, such as silicon carbide, 
Mo-Zr, FeCrAl claddings, MAX phases and multilayer zirconium silicide coatings. 

Zirconium silicide or zirconium silicate coatings are known for good resistance in high-
-temperature conditions and for that reason have been considered for application as environ-
mental barrier coatings for high-temperature gas-turbine components. Up to now, their ap-
plication as corrosion protective coatings for nuclear fuel pellets has been less explored. 
However, a review of the existing literature and an analysis of thermodynamic data indicate 
that silicon-based coatings may offer excellent prospects in this fi eld. In particular, they may 
provide a more protective barrier than the native ZrO2 fi lms formed on alloy cladding during 
routine nuclear reactor operation. Our work in the last year has focused on the development 
of silicon-based coatings on zirconium alloys claddings and the evaluation of their properties 



during accident scenarios, as well as during the regular operation of reactors. Two processes 
have been considered for coating preparation. The fi rst one is based on the deposition of 
layers containing zirconium oxide and silicon oxide onto zirconium alloys tubes (and also 
onto fl at samples), followed by densifi cation of the deposited layers. The second one is based 
on the deposition of gradient layers of zirconium and silicon (and also possibly their oxides) 
by the physical vapour deposition (PVD) method.
For the deposition of coatings precursors, three methods have been proposed: a dip coating 
method using mixed zirconium oxide and silicon oxide sols prepared by the sol-gel method, 
plasma electrolytic oxidation in silicate containing solutions, and electrophoretic deposition 
from zirconium oxide and silicon oxide containing suspensions, or directly from ZrSiO4 sus-
pension.
For the densifi cation of the prepared porous layers, the unique technique of high intensity 
pulsed plasma beams will be applied or, alternatively, electron beams operating in scanning 
mode. 

In order to examine, characterize and analyse cultural heritage artefacts or art objects and 
their component materials, a conservation scientist requires a palette of non-destructive and 
non-invasive techniques. This type of research improves knowledge concerning the elabora-
tion, evolution and degradation of art objects over time, and provides a basis for their restora-
tion and conservation. Among the various methods used, nuclear techniques are crucial due 
to their high sensitivity and reproducibility. 

The purpose of last year’s studies within this cultural heritage framework was the dating 
and determination of the provenance of a few groups of early medieval lead seals from 
Czermno, Gródek, Ruthenian and Russia. Ores from selected sources (Cracow-Silesian and 
Świętokrzyskie Mountains ore bodies, Poland) were also analysed to determine the prove-
nance of the lead used. SEM-EDS (scanning electron microscopy–energy-dispersive X-ray 
spectroscopy), X-ray fl uorescence analysis (EDXRF, TXRF), PIXE (particle-induced X-ray 
emission spectroscopy), PGAA (prompt-gamma activation analysis) and INAA (instrumental 
neutron activation analysis) as non-destructive methods were chosen to study a large number 
of samples. In addition to the study of the composition of the seals, analyses of the ratios of 
the lead isotopes were performed by means of a LA-ICP-MS (laser ablation inductively 
coupled plasma mass spectrometry) method. Interpretation of the results of the statistical 
methods enabled differentiation of the artefacts according to their various production centres, 
recipes and raw materials and the methods of purifi cation used. Unique documentation and 
a database for the different types of seals is the result of these studies.

The investigation into the chemical composition and technologies employed in the manu-
facture of historical glass using micro-sample techniques  was continued in 2017. 
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Zirconium alloys are commonly used in pressur-
ized water reactors (PWR) as fuel claddings for 
the hermetic enclosure of fuel pellets and fi ssion 
products generated in the course of reactor opera-
tion. Zirconium alloys have been selected for their 
unique properties in reactor environment condi-
tions, particularly for their low thermal neutron 
absorption, suffi ciently good corrosion resistance 
at working conditions (360oC, 195 bar) and the 
suffi cient stability of their mechanical properties 
under neutron irradiation. However, the main 
drawback of zirconium alloys is their completely 
unsatisfactory resistance to high temperature oxi-
dation in steam atmosphere. Such conditions are 
expected in the case of a loss-of-coolant accident 
(LOCA). In this case the exothermic oxidation 
reaction of zirconium leads to a fast temperature 
rise and to the generation of large amounts of ex-
plosive gaseous hydrogen that may lead to the 
destruction of the nuclear core. As the safety of 
nuclear installations is of primary importance, in-
tensive research work is being conducted world-
wide on the development of so-called accident-
-tolerant fuels (ATFs), which will be much less 
prone to oxidation. Various concepts have been 
proposed for ATFs. The most revolutionary one is 
based on replacing zirconium alloys with com-
posites of silicon carbide, another on applying an 
external oxidation-resistant coating on the surface 
of the zirconium alloy tubes. Before introducing a 
new type of material to the market, extensive tests 
are required in order to fulfi l existing regulations, 
so the somewhat more conservative concept of 
external coatings seems to have the potential to 
be implemented in a shorter time. The results of 
the research work published on this subject in the 
open literature up to the end of 2016 have been 
recently reviewed [1].

Recently, a renewed interest in nuclear power 
has been observed in Poland. The strategic re-
search programme called “Technologies support-
ing development of safe nuclear power engineer-
ing” was established in a response to the expect-
ed introduction of nuclear power engineering to 
Poland. The Laboratory of Materials Research at 
the Institute of Nuclear Chemistry and Technology 
joined this programme, focusing their research 
work on zirconium oxidation mechanisms under 
normal working conditions and during cases of 
emergency, as well as on countermeasures that 
would help to mitigate the catastrophic oxidation 
of zirconium in the case of an LOCA accident. 
The technique of high intensity pulsed plasma and 
ion beam treatment has been applied for the modi-
fi cation of the surface layer of zirconium. Using this 

method, the melting of the surface layer and dop-
ing with eroded metallic electrode materials, such 
as Y, Cr and Al, into the molten surface layer was 
possible. However, the concentration of doped 
elements was usually at the level of a few percent, 
which was not high enough for the creation of a 
protective oxide layer on the surface of the fuel 
rod in the case of a large increase in temperature. 
Good results in autoclave tests and in an oxida-
tion test in air at high temperature were obtained 
in the case of a chromium layer of 3.5 m depo-
sited by arc plasma discharge [2]. Based on that 
experience, we fi nally switched to physical depo-
sition methods as fl exible methods of coating syn-
thesis and selected zirconium silicides as possible 
protective coatings. There are a number of reasons 
for this choice. Firstly, zirconium and silicon are 
preferred to chromium due to their lower cross-
-sections for thermal neutron absorption in com-
parison to chromium. Other ones are related to 
the material properties of silicides, particularly to 
their high melting points and resistance to oxida-
tion. Phase diagrams for the Zr-Si system clearly 
show the existence of intermetallic compounds 
with different Zr/Si ratios and stability regions. 
For example, ZrSi2 is stable up to 1620oC and 
ZrSi is stable up to 2210oC, etc. Both zirconium 
and silicon readily form their respective oxides at 
high temperatures. According to its Ellingham 
diagram, ZrO2’s formation enthalpy is higher than 
the enthalpy of silicon dioxide formation, and zir-
conium dioxide should be formed preferentially 
according to thermodynamic laws. However, ki-
netic factors also need to be taken into account. 
In the course of zirconium silicide oxidation, de-
pletion of zirconium should lead to silicon’s activ-
ity increasing, and the formation of silicon oxide 
is possible. As a result, ZrO2, SiO2 or even ZrSiO4 
may form, depending on the stoichiometry of the 
zirconium silicide. Moreover, in the case of ZrSi2, 
layer depletion of silicon should lead to the for-
mation of ZrSi, which possesses a higher melting 
temperature. Thus, it seems that zirconium sili-
cide coatings with a stoichiometry of ZrSi2 offer 
good prospects for their application as protective 
layers against oxidation at high temperatures. To 
check this hypothesis the relevant studies de-
scribed here have been undertaken. 

The commercially available Zr705 grade zir-
conium alloy supplied by Stanford Advanced Ma-
terials was used for sample preparation. Slices of 
5 mm thickness were cut from a 25.4 mm diameter 
rod. The samples were polished with sandpaper 
and cleaned in an ultrasonic bath. Furthermore, 
before coating deposition their surfaces were etch-



62 LABORATORY OF MATERIAL RESEARCH

ed in a low-pressure glow discharge in argon gas. 
Zirconium- and silicon-containing coatings were 
sputter-deposited onto polished samples to a 
nominal thickness of about 3 m by the DC mag-
netron sputtering technique from pure Zr and Si 
targets or a ZrSi2-sintered target with a diameter 
of 100 mm and a thickness of 8 mm, adhesively 
bonded on a copper washer. Before deposition, 
the chamber was evacuated to 3 · 10–3 Pa, and the 
samples were heated up to about 300oC. The 
working pressure during deposition was 0.5 Pa, 
and the distance from the samples to the plasma 
source was 150 mm. During the process, the tem-
perature was constantly monitored using a pyro-
metric temperature measurement system. The neg-
ative bias of the substrate was -100 V.

Two series of samples were prepared using dif-
ferent combinations of targets. The fi rst one was 
prepared using two independent zirconium and 
silicon targets. This allowed for the synthesis of 
coatings with different stoichiometry by changing 
the relative sputtering rates of the targets. The 
second series was prepared using a single target 
made of the ZrSi2 compound. 

The as-deposited samples were amorphous, as 
was confi rmed by X-ray diffraction (XRD) studies. 
For the development of crystallinity, thermal treat-
ment in a tube furnace under an argon fl ow was 
applied. 

For determining the oxidation resistance of the 
coatings, two types of tests were performed. One 
of them was aimed at determining the oxidation 
kinetics and the other at determining the perfor-
mance under simulated accident conditions. For 
the oxidation kinetics study, the weight increase 
of the sample was determined after its oxidation 
in air at a temperature of 700oC. The sample, 
which was coated on both faces, was periodically 
placed into a furnace and removed from there at 
one-hour intervals up to 5 h maximum. After 
cooling in air, the weight of the sample was deter-
mined using a precision balance. The weight in-
crement data were fi tted to a power function. 
Independently, four samples coated on one side 
were placed into a furnace warmed to 700°C and 
were taken out one by one at one-hour intervals 
for scanning electron microscopy (SEM) studies 
on their morphologies and the thickness evolu-
tion of their coated layers in the course of oxida-
tion. 

For the determination of the performance in 
the case of uncontrolled temperature growth dur-
ing an LOCA, samples coated on one side were 

placed inside a furnace, warmed up to 1100oC for 
1000 s in an air atmosphere and then taken out 
and dropped immediately into water.

At each step of the research, SEM (Ultra plus, 
Zeiss), XRD (D8 Advance, Bruker) and EDX 
(energy-dispersive X-ray spectroscopy; Quantax, 
Bruker) methods were applied for morphological, 
structural and elemental composition studies.

The results of weight increase from the oxida-
tion in air at a temperature of 700oC are given in 
Table 1 for the two types of coated samples and 
for the raw sample. The data were fi tted to the 
power function

wk =  · t 
or in the logarithmic form 

log(w) = 1/k · log(t) + log()/k
where: w – mass gain, t – time.
The results of the linear regression fi tting are pre-
sented in Table 2.

An analysis of the data obtained clearly show-
ed smaller mass gain in the case of the coated 
samples. For the samples coated from two targets, 
the mass gain for the 5-hour oxidation in air at 
700oC was 3.17 times smaller than in the case of 
the raw sample. Analysis of the regression data 
confi rmed the protective nature of the coatings. 
The values of exponential factor k of 1.73 (in the 
case of the two targets) and 1.83 (in the case of 
one target) obtained are slightly smaller than the 
ideal value of 2, which corresponds to the case 
when diffusion of oxygen through the layer is the 
main mechanism responsible for the mass gain 
during oxidation. It cannot be excluded that a 
small amount of porosity exists in the coatings, 
which is directly related to the columnar micro-
structure of coatings obtained by magnetron sput-
tering. It is worth mentioning that the coatings 
made from the two targets exhibited smaller 
values of mass increase over the oxidation time. 
It was also found that the samples prepared from 
two targets, after treatment at 700oC in an air at-

Table 1. The mass gain of samples due to oxidation in air at 700oC.

Time 
[h]

Zr alloy – raw sample 
[g]

Sample coated from ZrSi2 target 
[g]

Sample coated from Zr and Si targets 
[g]

1 0.0264 0.0096 0.0072

2 0.0325 0.0134 0.0088

3 0.0383 0.0156 0.0126

4 0.0472 0.0195 0.0143

5 0.0585 0.0241 0.0184

Table 2. The functional form of linear regression fi tting to 
the mass gain of samples due to oxidation in air at 700oC.

Zr alloy – raw 
sample log(w) = 0.4738 · log(t) – 1.6505

Sample coated 
from ZrSi2 target log(w) = 0.5474 · log(t) – 2.0327

Sample coated 
from Zr and Si 
targets

log(w) = 0.5768 · log(t) – 2.1754
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mosphere for 4 h, exhibited smooth surfaces, free 
of visible cracks, while in the case of coatings pre-
pared with the application of the ZrSi2 compound 
target, a network of cracks was clearly visible. 

Experiments performed at the higher tempera-
ture of 1100oC with fast cooling in water again 
showed the better performance of the coated 
samples. The mass gain for the uncoated sample 
was equal to 0.3039 g, while that for the sample 
coated from two targets was 0.2216 g and that for 
the sample coated from the one compound target 
was 0.2159 g.

As mentioned already, the as-deposited samples 
were amorphous. The thermal treatment of the 
samples in argon neutral atmosphere enabled the 
development of crystallinity. This was confi rmed 
by the XRD measurements presented in Fig. 1, 
showing the spectra measured at normal Bragg-
-Brentano geometry and at glancing angles of 5o 
and 10o. 

It can be seen that in the case of normal dif-
fraction geometry, the zirconium substrate refl ec-
tions are dominant in the spectrum, while in the 
other two cases, especially at a glancing angle of 

Fig. 1. The XRD spectra of the coating deposited from the two independent targets (Zr, Si) after thermal treatment at a 
temperature of 800oC in argon neutral atmosphere in normal geometry (A), at a glancing angle of 10o (B) and a glancing 
angle of 5o (C). The positions of zirconium alloy refl ections are shown by the fi rst row and the ZrSi2 refl ections by the 
second row of vertical markers below the spectra.

Fig. 2. The SEM view of a cross-section of the coating made from the two independent targets (Zr, Si) (A) and elemental 
distribution across the coating after treatment in argon neutral atmosphere at a temperature of 800oC for 4 h (B).

A B
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5o, the refl ections belonging to the ZrSi2 phase 
are clearly visible. The Rietveld refi nement of the 
XRD spectra based on the model of two contribut-
ing phases, Zr and ZrSi2, converged successfully, 
confi rming the validity of the model.

The SEM studies of cross-sections of thermal-
ly treated, coated samples allowed interesting ob-
servations of the morphology of the coatings to 
be made. After treatment in a non-oxidizing argon 
atmosphere, a layered structure inside the coat-
ing was developed. Three distinct layers could be 
distinguished, as shown in Fig. 2. For each of the 
layers, different elemental contents of zirconium, 
silicon and oxygen were found using the EDX 
method. 

Starting from the outer region (Fig. 2B) we can 
observe:
• the thin external layer containing the elements 

Zr, Si and O. The presence of monoclinic ZrO2 
has already been confi rmed by the XRD spectra 
and this phase is probably present mainly here. 
The structural form of Si is at present unknown. 
The XRD diffraction does not give any evidence 
for the presence of crystalline forms of silicon. 
The presence of amorphous silicon oxides is 
possible and need to be confi rmed.

• the middle layer with near ZrSi2 stoichiometry. 
The XRD studies confi rm the presence of crys-
talline ZrSi2.

• the wider, near to the bulk zirconium alloy layer 
with the stoichiometry ZrSi.
The safety of a nuclear installation in the case 

of beyond design-basis accidents strongly depends 
on the materials utilized. To avoid catastrophic 
accidents, such as the one in Fukushima, occur-
ring in the future, high performance materials that 
can withstand the severe oxidation conditions 
present in the case of accidents need to be devel-
oped. In the studies presented in this paper, a zir-
conium silicide material was proposed as a pro-

tective coating for the zirconium alloy fuel tubes. 
Preliminary studies confi rmed the protective char-
acter of this coatings at the temperature ranges 
investigated. The method of coating deposition 
from two independent targets allows for the prep-
aration of thin coatings in the range of few micro-
metres with different stoichiometry. It seems that 
this variant is preferable over the deposition us-
ing one target with defi nite stoichiometric com-
position, as usually stoichiometry is not preserved 
during deposition. Moreover, no cracks were ob-
served in the case of deposition using two ele-
mental targets. The interesting observation of the 
in situ formation of a layered structure with dif-
ferent composition inside the coatings during 
thermal treatment in argon and in air could be 
utilized for the development of coatings that are 
protective against oxidation at high temperatures. 
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 Introduction
Zirconium, due to its good water corrosion 

and radiation resistance under the normal work-
ing conditions of nuclear reactors, is commonly 
used as a cladding material for fuel elements. A 
schematic of a light water reactor (LWR) fuel rod 
is presented in Fig. 1. The fuel pellets’ cladding is 
a very important part of the rod. The elemental 
composition of the zirconium alloys used in nu-
clear reactors is presented in Table 1. 

In the case of normal working conditions (a 
cooling water temperature of 360oC for pressurized 
water reactors (PWRs)), a slow zirconium oxida-
tion occurs due to the presence of oxygen absorbed 
at the cladding’s surface or that from water radio-
lysis reactions. 

In the case of LOCA (loss-of-coolant accident) 
conditions, the extremely fast oxidation of zircon-
ium in a steam atmosphere and/or an air-steam Fig. 1. Schematic of a light water reactor fuel rod [1].
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mixture at temperatures above 800oC results in in-
tense hydrogen generation and a possible hydro-
gen-oxygen mixture explosion. The evolution of a 
fuel rod under LOCA and SBO (station blackout) 
conditions is connected with: steam oxidation of 
cladding, cladding ballooning and bursting, clad-
ding internal oxidation, fuel relocation and dis-
persal, oxide eutectic formation and fuel rod melt 
[2]. These events, although very rare, negatively 
infl uence the public acceptance of nuclear energy. 
The development of a solution to this problem 
that will minimize the risk of such accidents is 
urgently needed. The concept of accident-toler-
ant fuels (ATFs) and accident-tolerant materials 
(ATMs) has been developed recently for this pur-
pose [2, 3]. 

There have been many improvements to the 
original design and materials used. However, the 
basic concept of uranium oxide fuel pellets clad 
with zirconium alloy tubes has reminded the 
choice for the vast majority of commercial nuclear 
power plants. Development of a method to mini-
mize the risk related to the design and unforesee-
able situations is urgently needed. Four key per-
formance features of the ATF and ATM concepts 
for improved safety margins proposed by Zinkle 
et al. [2] are: (i) minimize core enthalpy input 
(reduced steam-cladding oxidation rate and re-
duced heat of oxidation of cladding), (ii) mini-
mize combustible hydrogen generation (reduced 
steam-cladding oxidation rate, enhanced hydro-
gen sequestration and chemical conversion), (iii) 
improved cladding to maintain core-cooling abil-
ity and to retain fi ssion products (improved high-
-temperature cladding strength and fracture re-
sistance, improved burst margins, thermal shock 
resistance, increased melting temperature and 
resistance to hydrogen embrittlement), (iv) im-
proved fuel containment of fi ssion products (en-
hanced retention of fi ssion products, minimize fuel 
relocation/dispersal, lower operating temperatures, 
inhibit cladding’s internal oxidation and increased 
fuel melting safety margin).

The approaches can be grouped into three gen-
eral categories:
• non-zirconium cladding with high strength and 

oxidation resistance;
• improved high-temperature oxidation resistance 

and/or strength of zirconium alloy cladding;
• alternative forms of fuel with improved perfor-

mance and fi ssion product retention compared 
to monolithic UO2.

These are the main research directions in the ATM 
area. 
Non-zirconium cladding with high strength 
and oxidation resistance 

The development of new alloys with special 
compositions and microstructures, along with the 
application of new materials resistant to water 
corrosion, are the main topics here. Challenges 
and issues to be resolved include: the effect of 
higher thermal neutron absorption cross-section, 
the impact of radiation hardening and embrittle-
ment on cladding, pellet-cladding mechanical in-
teraction behaviour, oxidation behaviour in steam 
at high temperatures, potential enhanced suscep-
tibility to stress corrosion cracking, and potential 
reductions in the cost of tube fabrication.
Structural alloys

The thermal neutron cross-section of stainless 
steels is higher than that for zirconium alloys. But 
this problem with the use of stainless steel clad-
ding can be partially overcome by thinner walled 
advanced stainless claddings because they are 
stronger than zirconium alloys. Investigations of 
this kind of material have covered: austenitic stain-
less steels (AISI 304, AISI 316 and AISI 347), 
austenitic nickel-based alloys (Inconel 600 and 
Incoloy 800) and ferritic steel with chromium 
(AISI 430). The replacement of the zirconium 
alloy by a ferritic material containing chromium 
and aluminium appears to be the nearest to im-
plementation for accident-tolerant fuels [4, 5].
Silicon carbide

Silicon carbide (SiC) composite is used in in-
dustrial applications such as turbine components. 
Silicon carbide fi bre reinforced SiC matrix ceramic 
composites (SiC/SiC) have been proposed as a 
potential cladding material due to: low thermal 
neutron absorption cross section, retention of 
strength up to very high temperatures, good ra-
diation resistance and good oxidation resistance 
in air and steam up to 1600oC [6, 7].
FeCrAl alloys

FeCrAl alloys are used in industries where 
high-temperature oxidation resistance is needed 
(combustion and fossil fuel energy plants) [8]. 
FeCrAl nuclear grade alloys have important 
features for nuclear application: good mechanical 
properties for extended periods at high tempera-
ture, oxidation resistance, radiation tolerance, 
long-term water corrosion resistance and com-
patibility with the prototypically used UO2 fuel. 
Nuclear grade FeCrAl alloys should be formable 

Zirconium alloy Producer
Alloying element [wt%]

Sn Nb Fe Cr Ni O

Zry-2 commonly used 1.50 - 0.13 0.1 0.06 0.12

Zry-4 commonly used 1.50 - 0.21 0.1 0.007 0.12

M5 AREVA 0.8-1.2

ZIRLO Westinghouse 0.7-1.0 1.0

E110 Russia - 0.9-1.1

Table 1. Concentration of alloying elements in zirconium alloys used for claddings.



66 LABORATORY OF MATERIAL RESEARCH

as thin-walled tubes. The nominal composition of 
the model FeCrAl alloys are: Fe – 10-20 wt%, Cr 
– 3-5 wt% and Al – 0-0.15 wt%. The composition 
problem is complicated because the elemental 
composition has to be in a very narrow range. For 
example, more Cr is better for corrosion and oxi-
dation resistance, but it would increase the po-
tential embrittlement of the materials at relatively 
lower temperatures, and more Al gives better oxi-
dation resistance at elevated temperatures, but it 
may raise the ductile-brittle transition tempera-
ture [5].
Refractory alloys

Refractory alloys based on Nb, Ta, Mo or W 
offer the potential for signifi cant improvements 
in high-temperature strength as compared to zir-
conium alloys. Refractory alloys exhibit poor be-
haviour in high-temperature oxidizing environ-
ments, but research has identifi ed some alloys 
(for example Mo2Si-based) with adequate short-
-term oxidation resistance. It has been noted that 
high-temperature oxidation can be signifi cantly 
different for steam and air [9]. Potential cladding 
designs for refractory alloys include monolithic 
and multilayered “sandwich” designs where thin 
oxidation-resistant layers are applied to the inner 
and outer surfaces of the refractory alloy [5].
Highly adherent oxidation-resistant coatings 

Highly adherent oxidation-resistant coatings 
on the zirconium alloys can be an alternative to 
the known bulk materials for cladding. Challenges 
and issues to be resolved are the following: the 
coating should be easily regenerated if a small 
portion is spalled off during fuel assembly han-
dling or during normal reactor operation, the need 
for careful matching of the coeffi cients of thermal 
expansion in order to minimize interfacial stresses 
and delamination during cycling from room tem-
perature to 300oC (normal operation) or from 
300oC up to high temperatures (abnormal opera-
tion) and the coating must be compliant enough 
to withstand the diametrical compression that 
results from reactor pressurization. The ability of 
coatings to continuously protect the exposed clad-
ding to a suffi cient extend after a burst also needs 
to be considered, because at this point the inner 
uncoated surface of the cladding is exposed to 
steam that causes rapid oxidation.
Chromium coatings

Chromium coatings serve as a protective oxi-
dation barrier by providing the following prop-
erties: signifi cantly improved resistance to corro-
sion under normal conditions in the 360oC water 
test, reduced corrosion rates in high-temperature 
steam and improved post-quench mechanical be-
haviour due to a reduced ingress of oxygen within 
the metal to form the alpha (O)-Zr phase [5].
MAX phase

MAX phases are a group of ternary ceramic 
compounds composed of early transition metals 
(Sc, Ti, V, Cr, Zr, Cr, Nb, Mo, Hf and Ta) as M, of 
elements from the A group (mainly Al, Si, P, S, 
Ga, Ge, As, In, Cd, Sn, Tl and Pb) as A, and car-
bon or nitrogen as X. MAX phases have good prop-
erties such as: thermal and electrical conductivity, 

corrosion resistance and mechanical properties 
that are maintained at high temperatures [5, 10].
Coatings based on silicon

Zirconium silicide or zirconium silicate coat-
ings are known for good resistance in high tem-
perature conditions and are applied as environ-
mental barrier coatings for high-temperature 
gas-turbine components. Silicon-based coatings 
may provide a more protective barrier than the 
native ZrO2 fi lms formed on alloy cladding dur-
ing routine nuclear plant operations and may pro-
vide a protective barrier during high-tempera-
ture accident scenarios. Phase diagrams for zir-
conium-silicon systems show the existence of 
intermetallic compounds with different Zr/Si 
ratios and stability regions. For example, ZrSi2 is 
stable up to 1620oC and ZrSi is stable up to 
2210oC [11]. 
Institute of Nuclear Chemistry and Technology 
activity

The Institute of Nuclear Chemistry and Tech-
nology (INCT) is a partner in the International 
Atomic Energy Agency (IAEA) coordinated re-
search project (CRP) “Analysis of options and 
experimental examination of fuels for water-cool-
ed reactors with increased accident tolerance – 
ACTOF” in the framework of the IAEA pro-
gramme “Nuclear fuel cycle and materials tech-
nologies”. Globally, there is a great deal of ex-
perience with the performance of reactor fuel in 
abnormal conditions. Theoretical studies and ex-
periments have been performed, and there have 
been excursions forming abnormal operating con-
ditions in a few power reactors. This CRP will ex-
plore the potential to design and operate ad-
vanced fuel types that are intended to be more 
tolerant of severe accident conditions, whilst re-
taining the capability of current fuel designs for 
safe operation under normal operation and anti-
cipated transient conditions. The participants of 
the ACTOF project are: Argentina, Brazil, China, 
Czech Republic, Finland, Germany, India, Italy, 
Korea, Poland, the Russian Federation and the 
United States of America.

The INCT is involved in this programme with 
the subject “Silicide/silicate coatings on zircon-
ium alloys for improving the high temperature 
corrosion resistance”.
Conclusions

Several potential approaches for development 
of ATMs exist and could lead to improved acci-
dent tolerance in LWR fuel systems. The various 
options in this paper explore and offer basic 
guidelines on the attributes of ATM concepts. 
Accident progression is dominated by the integral 
system response during such events. ATMs can 
affect the sequence and rate of this progression, 
thereby providing enhanced coping time during 
such events; the safety margins for nuclear power 
systems can therefore be enhanced.

This work has been partially supported under 
the IAEA Research Contract No. 19026/R0 and 
by the Polish Ministry of Science and Higher Edu-
cation under decisions 3525/IAEA/2016/0 and 
3689/IAEA/2017/0.
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 THE USE OF TRACE ELEMENT ANALYSIS ON IRON ARTEFACTS 
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The main purpose of the studies presented here is 
to investigate the La Tène culture’s impact on the 
cultures of ancient Central Europe, especially the 
Przeworsk culture. The provenance of prehistoric 
iron is one of the key questions in the archaeology 
of the Iron Age. 

In the literature, it is accepted that three older 
cultural substrates contributed to the Przeworsk 
culture: the Cloche Grave, the La Tène, and the 
Jastorf cultures. Of these three, the La Tène cul-
ture had the largest impact on the Przeworsk cul-
ture. The infl uence of the La Tène culture is seen 
in the economy and crafts of the Przeworsk cul-
ture and principally in the spiritual culture that is 
manifested through their burial sites. The Prze-
worsk culture was the fi rst culture in this part of 
the European Barbaricum and commonly made 
use of iron in their tools and weapons. Since the 
pre-Roman period, the Mazovia region functioned 
as a hub for metallurgical mass production with 
its local bog iron ores. Researchers have also dis-
covered iron weapons from this period that were 
imported from the Celtic territories (the fi nds from 
Legionowo, Kraszewo, Kamieńczyk, Dobrzanko-
wo, Oblin, Łęgonice Małe and Dzierzążnia No-
wa). These objects, stylistically and structurally, 
are identical to objects made in the Western Celtic 
territories (e.g. the fi nds from the Celtic sanctu-
ary in Gournay-sur-Aronde). For this reason, it is 
essential to conduct the latest physico-chemical 
testing methods on objects from the Western Bar-
baricum region as well as the Celtic territories. 
Such testing would allow an examination of inter-
cultural relations with respect to iron weapons. It 

is worth emphasizing that this research will be 
the fi rst wide-scale interdisciplinary exploration 
of this type involving objects found in the Western 
Barbaricum region as well as the Celtic territories. 
Through this research, it will be possible to con-
fi rm that objects found in the areas inhabited by 
the Przeworsk culture are potential imports and 
will simultaneously provide a new perspective on 
intercultural relations in Europe. Moreover, it will 
allow further assessment on the signifi cance of 
the La Tène culture in shaping the Przeworsk cul-
ture. 

A prehistoric burial ground of the Przeworsk 
culture dated between the 1st century BC and 
2nd century AD was evacuated near Legionowo. 
This paper is the fi rst part of our work, being con-
cerned only with iron artefacts from the collec-
tion of the Historical Museum at Legionowo. 

Samples for analysis were collected from 27 
iron artefacts. Table 1 includes a description of 
the collected samples.

Trace and major elements in the iron objects 
were analysed by instrumental neutron activation 
analysis (INAA) without chemical separation, 
using standards of the analysed elements. The 
samples were packed together with standards of 
the following elements: Na, K, Sc, Cr, Mn, Fe, Co, 
Ni, Cu, Zn, Ga, Ge, As, Se, Br, Rb, Sr, Zr, Mo, Ru, 
Ag, Cd, Sn, Sb, Te, Cs, Ba, La, Ce, Pr, Nd, Sm, 
Eu, Tb, Dy, Ho, Er, Yb, Lu, Hf, Ta, W, Ir, Au, Hg, 
Th and 238U. Also attached were Au and Sc stand-
ards evaporated onto a piece of aluminium foil 
and a sample of the CTA-FFA-1 standard (Insti-
tute of Nuclear Chemistry and Technology, INCT). 
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They played the role of the thermal neutron fl ux 
monitor [1].

Irradiation of the samples was carried out in 
the MARIA reactor in Świerk, in a channel with 
8 · 1013 n/cm2 s thermal neutron fl ux. The irradia-
tion time was 2 h with a subsequent 8-hour cool-
ing. The irradiated samples were then unpacked; 
they were washed in 1 M hydrochloric acid solu-
tion and rinsed in alcohol to remove surface con-
tamination. 

Measurements of the activity of samples and 
standards prepared in such a way were carried out 
using an HP germanium detector with an active 
volume of 80 cm3 and an energy resolving power 
of 1.95 keV for a 1333 keV 60Co source. The ana-
lysis of the complex gamma radiation spectra was 
carried out using Genie 2000 software. The meas-
urements were repeated six times within three 
months after irradiation, while the measurement 
times varied between 300 and 10,000 s. 

Number 
of sample

Description 
of iron items

Catalogue 
number

Number 
of sample

Description 
of iron items

Catalogue 
number

P.1 iron arrow-head.1 w.325/2009 P.15 iron umbo-2

P.2 iron arrow-head.2 w.325/2009 P.16 iron arrow-head.1 w.346/2009

P.3 iron sword.1 w.324/2009 P.17 iron arrow-head.2 w.346/2009

P.4 iron sword.2 w.324/2009 P.18 iron penknife w.446/2009

P.5 iron sword.1 w.342/2009 P.19 iron arrow-head.1

P.6 iron sword.2 w.342/2009 P.20 iron arrow-head.2

P.7 iron ring-1 P.21 iron arrow-head.1 w.519/2009

P.8 iron ring-2 P.22 iron arrow-head.2 w.519/2009

P.9 iron ring-3 P.23 iron sword.1 w.658/2009

P.10 iron ring-4 P.24 iron sword.2 w.658/2009

P.11 iron ring-5 P.25 iron sword-pin pivot w.212/35

P.12 iron ring-6 P.26 iron sword-pommel w.212/35

P.13 iron buckle w.343 P.28 iron object ‘wolf gun’ w.189/2009

P.14 iron umbo-1

Table 1. Description of the investigated Przeworsk culture iron artefacts from the collection of the Historical Museum 
at Legionowo.
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Fig. 1. Principal component analysis of 27 Przeworsk culture iron artefacts from the collection of the Historical Museum 
at Legionowo carried out on a set defi ned by 13 variables (Co, Cr, Cu, Eu, La, Mn, Ni, Th, U, Sb, Sm, Zn and Ta). 
Ellipses are defi ned by Gaussian distribution, confi dence level 0.95.
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47 elements were identifi ed and determined in 
the analysed samples. Out of the 47 determined 
elements, only the elements characteristic for test-
ed samples (Co, Cr, Cu, Eu, La, Mn, Ni, U Th, Sb, 
Sm, Zn and Ta) were selected for multi-parameter 
statistical analysis aimed at identifying the degree 
of similarity of the analysed samples. 

Principal component analysis (PCA) and clus-
ter analysis were carried out with the use of 
STATISTICA (StatSoft) software [2] to identify 
the degree of similarity of the analysed objects. 
These multivariate analyses were performed for 
standardized and logarithmic variables. The results 
of principal component analysis are presented in 
Fig. 1, which clearly shows a division into groups 
closely related to the origin of the tested samples.

The output dendrogram of the cluster analysis 
is shown in Fig. 2, where the division between the 
two groups is very similar to the results from the 
PCA. Such a division suggests that the studied 

iron artefacts belonging to these defi ned groups 
originated from different sources. 

The present study confi rms the effectiveness 
of combined analyses of major and trace elements 
to characterize iron artefacts. 

Our work illustrates the usefulness of multi-
variate statistical analyses in approaching a prob-
lem of this type. The obtained data show that it is 
not easy to completely and correctly identify or 
reproduce the materials used in the past and their 
deterioration processes. 
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Fig. 2. Cluster analysis of 27 Przeworsk culture iron artefacts from the collection of the Historical Museum at Legionowo 
describing 13 features (number of features was determined by INAA elements: Co, Cr, Cu, Eu, La, Mn, Ni, Th, U, Sb, 
Sm, Zn and Ta); standardized and logarithmic variables.
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Historical glass constitutes a part of our material 
cultural inheritance and can be considered as an 
important witness of various human activities, 

such as trade, economy, culture or even politics. 
However, our understanding of glass as a material 
is still severely limited. The main objective of the 
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project is to determine the provenance of vari-
ous central European glass vessels dated to the 
mid-late 17th and 18th centuries. Differences be-
tween the compositions of glasses made in differ-
ent locations are to be anticipated. 

153 samples were taken from the selected glass 
vessels of interest. Most of them were goblets of 
various forms, made of colourless glass. With a 
few exceptions, they belonged to the Polish mu-
seums’ collections. All the samples had already 
been analysed by the use of electron probe micro-
analysis (EPMA). Analyses by wavelength dis-
persive spectrometry in an EPMA system were 
carried out using a Cameca SX-100 with three 
simultaneously working spectrometers (PET, LiF, 
TAP crystals and PC2 for boron) at the Electron 
Microprobe Laboratory, Faculty of Geology, Uni-
versity of Warsaw, Poland. Corning Museum of 
Glass reference glasses ‘“A”, “B”, “C” and “D”; 
NIST SRMs 610 and 612; as well as CRMs CZ4001, 
CZ4002 and CZ4003 from the Czech Metrology 
Institute were used for calibration and/or as con-
trols. All the samples and standards were embed-
ded in resin blocks of 25 mm diameter. 

Many recent papers have shown that trace 
element analysis is even more effective in discrim-
inating between the types and sources of some raw 
materials [1-2]. For this goal, inductively coupled 
plasma mass spectrometry with sampling using 
laser ablation (LA-ICP-MS) was used. The tech-
nique is a relatively new tool in glass archaeo-
metry; however, it is of very high importance in 
such studies [1-2]. The method offers direct micro-
sampling and fast multi-elemental capabilities (in-
cluding Li and B) and is used for the accurate and 
precise determination of minor and trace elements 
with very low detection limits down to ng/L [2-6].

In the present study, a subset of these samples 
was analysed quantitatively, utilizing two LA-ICP- 
-MS systems:
• LSX-213 G2+ Nd:YAG laser at 213 nm (Tele-

dyne/CETAC/Photon Machines, Chromium 
2.2b Software, HelEx sample cell) with aurora 
Elite ICP-MS (Bruker/Analytik Jena, Quantum 
v3.2b1633 software) at the Corning Research 
and Development Corporation, Sullivan Park 
campus, Corning, N.Y., USA;

• Analyte G2 excimer laser at 193 nm (Teledyne/
CETAC/Photon Machines, Chromium V2011.3.31 
Software), laminar-fl ow “Frames” cell, with 
Varian 820 ICP-MS (Varian/Analytik Jena) at 
the Rensselaer Polytechnic Institute, Troy, N.Y., 
USA.

We reused the samples prepared for the EPMA 
analysis. A narrow laser beam was used for the 
sampling of a small amount of substance from the 
surface. This technique is increasingly being used 
in the direct analysis of solid samples. 

The lack of suitable matrix-matched glass 
samples is still recognized as an important limita-
tion of LA-ICP-MS in data interpretation. The 
LA-ICP-MS testing of the same glass samples and 
standards was carried out at both facilities with 
similar lasing parameters (with the obvious excep-
tion of the wavelength). The effects of time re-
solved analysis (TRA) with either ablation spot or 
line scan were evaluated and compared with the 
results from EPMA testing as well as literature 
data, when applicable. 

Data processing was carried out utilizing 
Quantum software as well as Iolite software’s 
“X_Trace_Elements_IS” data reduction scheme 
(v ersion 3.5, Iolite Software). 
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The research activities of the Pollution Control Technologies Laboratory concern the con-
cepts and methods of process engineering applicable to the environmental area. In particular, 
we participate in research on the application of electron accelerators to such environmental 
technologies as fl ue gas and water treatment, wastewater purifi cation, the processing of vari-
ous types of industrial waste, etc.

The main aims of the Laboratory's activity are:
• development of new processes and technologies of environmental engineering,
• development of environmental applications of radiation technologies,
• promotion of nuclear methods in the fi eld of environmental applications.

The activities of our group cover both basic and applied research. Among others, the most 
important research fi elds are:
• development of electron beam fl ue gas treatment (EBFGT) technology,
• support for the industrial implementation of the EBFGT process,
• investigation of chemical reaction mechanisms and kinetics in gas phases and aqueous 

solutions irradiated by electron beams, 
• study of the mechanism of removal of volatile organic compounds (VOCs) and other pol-

lutants from fl ue gas by electron beam irradiation,
• process modelling.

The Laboratory is equipped with research tools such as:
• a laboratory installation for electron beam fl ue gas treatment;
• Model 40 UV pulsed fl uorescent SO2 analysers and Model 10 A/R chemiluminescent 

NO/NOx analysers with molybdenum converters, manufactured by Thermo Electron Cor-
poration (USA);

• GC-17A gas chromatograph with a GCMS-QP5050 mass spectrometer, manufactured by 
Shimadzu Corporation (Japan);

• Lancom II portable gas analyser type, manufactured by Land Combustion (UK) (NOx, SO2, 
CO, O2, etc.). 
The Laboratory is open for any form of cooperation. In particular, we offer such activities 

as:
• laboratory research on environmental applications of electron accelerators,
• theoretical modelling of chemical processes under electron beam irradiation,
• concept design of electron beam technology implementation,
• process equipment design with the use of CFD methods.

In recent years, the Laboratory cooperated with such institutions as:
• Faculty of Chemical and Process Engineering, Warsaw University of Technology (Poland);
• International Atomic Energy Agency;
• Saudi ARAMCO (Saudi Arabia);
• EB Tech Co., Ltd. (Republic of Korea);
• Technology Centre of Western Pomerania (Germany);
• Leibniz Institute for Plasma Science and Technology (Germany);
• Risø National Laboratory for Sustainble Energy, Technical University of Denmark (Den-

mark);
• Uppsala University, The Ångström Laboratory (Sweden);
• Kaunas University of Technology (Lithuania);
• Vilnius Gediminas Technical University (Lithuania);
• Robert Szewalski Institute of Fluid-Flow Machinery, Polish Academy of Sciences (Poland);
• West Pomeranian University of Technology (Poland);



• National Centre for  Nuclear Research, Otwock-Świerk (Poland);
• Ukrainian Engineering Pedagogics Academy (Ukraine);
• Tsinghua University (China);
• Xi’an Jiaotong University (China);
• Joint Institute for Power and Nuclear Research – Sosny, National Academy of Sciences of 

Belarus (Belarus);
• University of Palermo (Italy);
• Institute for Polymers, Composites and Biomaterials (IPCB), National Research Council 

(CNR) (Italy); 
• Hacettepe University (Turkey);
• Institute of Macromolecular Chemistry “Petru Poni” Iasi (Romania);
• University of Reims Champagne-Ardenne (France);
• University Politehnica of Bucharest (Romania);
• Texas A&M AgriLife, Texas A&M University (USA).



73POLLUTION CONTROL TECHNOLOGIES LABORATORY

NUMERICAL SIMULATION OF NOx REDUCTION IN AQUEOUS SOLUTION
Yongxia Sun, Andrzej Dobrowolski, Otton Roubinek, Ewa Zwolińska, Andrzej Pawelec, 

Andrzej G. Chmielewski

In the process of burning high-sulphur fuels in 
marine diesel engines used in transoceanic ships, 
high concentrations of NOx and SO2 are emitted 
to the atmosphere, which signifi cantly exceed the 
emission limits of both pollutants. Therefore, the 
application of emission control methods is necess-
ary.

A new hybrid method of SO2 and NOx remov-
al from fl ue gases designed for application in ma-
rine conditions was elaborated at the Institute of 
Nuclear Chemistry and Technology (INCT). The 
removal of SO2 and NOx from fl ue gases takes 
place in two stages: in the fi rst stage the gases are 
irradiated by an electron beam from an accelera-
tor, while in the second stage the off-gas after ir-
radiation is absorbed in a water scrubber.

The results of preliminary laboratory research 
with the use of a 0.6 dm3 scrubber to treat a gas 
stream with a volumetric fl ow rate of 150 dm3/h 
showed high removal effi ciency of SO2 and NOx. 
However, the research showed that NOx removal 
effi ciency strongly depends on the irradiation dose 
and initial NOx concentration. As the radiation-
-induced process had been modelled elsewhere 
[1], a mathematical model of NOx removal in the 
water absorption process was constructed to en-
able analysis of the process mechanism.

The following reactions in the gas and liquid 
phases were considered [2]: 
• gas phase

 
k1

(g) 2(g) 2(g)2NO O 2NO 
 

(1)

 
K2

2(g) 4 2(g)2NO N O
  

(2)

 
K3

(g) 2(g) 2 3(g)NO NO N O 
 

(3)

 
K4

2 3(g) 2 (l) 2(l)N O H O 2HNO 
 

(4)

 
K5

2 4(g) 2 (l) 3(l) 2(l)N O H O HNO HNO  
 
(5)

• liquid phase 

 
k6

2(g) 2 (l) 2(l) 3(l)2NO H O HNO HNO  
 
(6)

 
k7

2 3(g) 2 (l) 2(l)N O H O 2HNO 
 

(7)

 
k8

2 4(g) 2 (l) 3(l) 2(l)N O H O HNO HNO  
 
(8)

 
k9

2(l) 3(l) 2 (l) (g)3HNO HNO H O 2NO  
  
(9)

The chemical reaction rates are as given by 
Loutet et al. [2]: k1 = 0.0102 m6 kmol–2 s–1, k2 = 
109 m3 kmol–1 s–1, k3 = 109 m3 kmol–1 s–1, k4 = 
41,000 m3 kmol–1 s–1, k5 = 250 m3 kmol–1 s–1, k6 
= 46,999 m3 kmol–1 s–1, k7 = 17,000 s–1, k8 = 
93.32 s–1, k9 = 0.0468 atm2 m9 kmol–3 s–1, k2’ = 
k2 · K2–1, K2 = 0.439 m3 kmol–1, k3’ = k3 · K3–1, 
K3 = 13,699 m3 kmol–1, k4’ = k4 · K4–1, K4 = 
0.2763, k5’ = k5 · K5–1, K5 = 0.00002191. For 
the gas phase the temperature was assumed to be 
90oC, while for the liquid phase the temperature 
was assumed to be 15oC.

The absorption kinetics were described by Eq. 
(10):
 ri = kLa · (pi – pi*) (10)
where: i = NO, NO2, N2O3 or N2O4; kLa – the 
mass transfer coeffi cient [s–1], in this work the 
value of  kLa was set as 0.01 s–1 [3]; pi – the partial 
pressure of component i in the bulk; and pi* – the 
interface pressure of component i in the liquid.

The system of ordinary differential equations, 
being the mathematical model of the considered 
process, was solved with the use of the Runge-
-Kutta procedure in the MATLAB programming 
language. Simulations were carried out for the fol-
lowing concentrations:
• initial NO concentrations: 200, 500, 1000 and 

1271 ppmv;
• NO2 concentrations: 0, 20 and 50 ppmv. 
The following irradiation doses were considered: 
3.5, 10.9 and 44.1 kGy. The concentrations of 
NO and NO2 at the scrubber inlet were taken from 
the literature [1, 4]. The calculated results for the 
NO and NO2 concentrations are shown in Table 1.
The effi ciency of NOx removal in the electron beam 
process (without absorption) and in the hybrid 
electron beam process (with absorption) is shown 
in Table 2.

The obtained modelling results show that ap-
plication of the hybrid electron beam process in 
comparison to the electron beam process is the 
most profi table method for moderate doses of irra-
diation and high inlet concentration of NOx. These 
results make the hybrid electron beam process at-

Table 1. NO and NO2 concentrations in the hybrid electron beam process.

No. Dose 
[kGy]

NO initial 
concentration 

[ppmv]

NO2 initial 
concentration 

[ppmv]

NO at scrubber 
inlet 

[ppmv]

NO2 at scrubber 
inlet 

[ppmv]

NO at scrubber 
outlet 

[ppmv]

NO2 at scrubber 
outlet 

[ppmv]

1 3.5 200.0 0.0 163.0 19.0 161.1 15.1

2 3.5 1000.0 0.0 902.0 78.0 872.2 41.4

3 10.9 1271.0 52.0 940.0 318.0 822.8 204.5

4 10.9 500.0 20.0 200.0 120.0 186.0 107.0

5 44.1 200.0 0.0 82.0 8.0 81.6 6.9

6 44.1 1000.0 0.0 621.0 89.0 594.6 56.0
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tractive for potential practical application in ma-
rine fl ue gas treatment.
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Table 2. Effi ciency of NOx removal in the electron beam process and hybrid electron beam process.

No. Effi ciency of NOx removal in the electron beam 
process [%]

Effi ciency of NOx removal in the hybrid electron beam 
process [%]

1 9.0 11.9

2 2.0 8.7

3 4.9 22.4

4 38.5 43.7

5 55.0 55.8

6 29.0 34. 9
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Basic activities of the Stable Isotope Laboratory concern the techniques and methods of 
stable isotope measurements (H, C, N, O, S) by the use of an isotope ratio mass spectrometer 
(IRMS). Our activity area also concerns the application of IRMS to the environmental area, 
including determination of the stable isotope composition of hydrogeological, environmental, 
and food samples.

The main aims of the activity of the Laboratory are:
• preparation and measurement of the stable isotope composition of food and environmental 

samples;
• establishing new areas of the application of stable isotope compositions for food authen-

ticity control, environmental protection, and origin identifi cation.
The Laboratory is equipped with the following instruments: 

• mass spectrometer – DELTAplus (FinniganMAT, Germany);
• elemental analyser Flash 1112NC (ThermoFinnigan, Italy);
• GasBench II (ThermoQuest, Germany);
• H/Device (ThermoQuest, Germany);
• gas chromatograph (Shimadzu, Japan);
• gas chromatograph with a mass spectrometer (Shimadzu, Japan);
• liquid scintillation counter (for 14C and tritium environmental samples) 1414-003 Guard-

ian (Wallac-Oy, Finland);
• freeze dryer Alpha 1-2 LD plus (Christ, Germany).

The Laboratory research staff is involved in the following projects:
• “The study of the infl uence of the environmental factors on the isotopic compositions of 

dairy products”,
• accreditation process (isotopic method for food authenticity control),
• interlaboratory profi ciency test FIT-PTS (food analysis using isotopic techniques – profi -

ciency testing scheme).
The Stable Isotope Laboratory is open for any form of cooperation. We are prepared to 

undertake any research and development task within the scope of our activity. In particular, 
we offer our measurement experience, precision, and profi ciency in the fi eld of stable isotope 
composition to aid the research of others. In addition, we are open to perform any service 
regarding the control of food authenticity by stable isotope methods supported by gas chro-
matography (GC) and gas chromatography-mass spectrometry (GC-MS) methods. 

Our Laboratory cooperates with the following national partners:
• Agricultural and Food Quality Inspection,
• Polish Association of Juice Producers,
• customs inspections,
• food export-import company,
• food control laboratories,
• private customers
and foreign partners:
• Eurofi ns Scientifi c Analytics (France),
• International Atomic Energy Agency (IAEA),
• Joint Research Centre (Ispra, Italy).
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 ISOTOPIC AND TRACE ELEMENT COMPOSITION 
FOR DAIRY PRODUCTS’ AUTHENTICITY CONTROL

Ryszard Wierzchnicki, Renata Adamska, Zbigniew Samczyński

The different compositions of cow fodder (natural 
and processed) and drinking water (tap water) are 
reasons for the seasonal and regional variation of 

the isotopic and trace element composition of 
fresh milk and, fi nally, dairy products. The stable 
isotopic composition of food is strictly related to 
environmental conditions, such as climate, geo-
graphical region and season. 

The aim of this study was to demonstrate the 
regional and seasonal variations of the isotopic 
and trace element composition of milk. Samples 
of fresh and commercial milk were obtained from 
the main regions of milk production in Poland and 
measured using an isotope ratio mass spectro-
meter. The measurement of the stable isotope com-
position (carbon, hydrogen, oxygen, nitrogen and 
sulphur) of food is a very sensitive method for 
controlling its origin and authenticity [1-5]. 

Isotope ratio mass spectrometry (IRMS) is the 
main method used for the measurement of the 
stable isotopic content of food and beverages 
(Fig. 1). A DELTAplus mass spectrometer connect-
ed with an H/Device instrument was used to de-
termine the hydrogen isotope ratio. The oxygen 
isotope ratio was determined in water samples 
with the use of a GasBench instrument connected 
with a mass spectrometer. For the determination 
of carbon, nitrogen (Fig. 2) and sulphur in solid 

materials an elemental analyser coupled with a 
mass spectrometer was used. The measurements of 
trace element composition (Fig. 3) were performed 

using inductively coupled plasma mass spectro-
metry (ICP-MS) for a limited number of dairy 
products. 

Fig. 1. Sample preparation and measurement by the use of the IRMS technique: EA – elemental analyser, GB – 
GasBench II, HD – H/Device, CF – ConFlo III, IRMS – isotope ratio mass spectrometer DELTAplus. 

Fig. 2. Carbon 13C and nitrogen 15N isotopic composition 
of defatted milk.

Fig. 3. Concentration of trace elements Sr, Se and Mo in 
defatted milk.
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Finally, application of the multi-element (iso-
topic and trace element composition) method for 
the origin control of dairy products requires test-
ing more samples of such products, from both 
organic and conventional farms. After the con-
struction of a large database of isotopes and trace 
elements, the method could be used as a standard 
to control the origin and authenticity of dairy 
products. 

This work was supported by the Polish Min-
istry of Science and Higher Education under grant 
W79/FAO/IEAE/2016.
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ISOTOPIC STUDY OF APPLE DRINKS
Ryszard Wierzchnicki, Renata Adamska

Stable isotope analyses have been useful tool for 
food authenticity control. An important limitation 
of applying the isotopic method for food authen-
ticity control is a lack of a database comprising 
the stable isotope compositions of different origin 
foods. For many years, the Stable Isotope Labora-
tory of the Institute of Nuclear Chemistry and 
Technology (INCT) has carried out studies on the 
isotopic composition of food for elaboration and 
implementation in new isotope ratio mass spectro-
metry (IRMS) methods, and also creates a data-
base of isotopic composition of chosen food from 
the Polish market. Our recent studies concerned 
the intramolecular isotopic distribution pattern 
between the components of ciders. 

Cider is one of the popular drinks produced 
by apple juice fermentation (Table 1). The main 
chemical components of cider are: water, ethanol, 
sugars, fl avours and CO2. The subject of the study 
is determination of the stable isotope composi-
tion of water, ethanol and CO2 included in ciders. 
Accordingly, the study aim is to investigate the 
stable isotope compositions of these components, 
as well as identifying their source, in an effort to 
control the authenticity of the drinks [1-8].

The addition of sugar to the production of ci-
ders is allowed in some countries but forbidden in 

the others (e.g. France). During the fermentation 
of sugars in juice, ethanol and CO2 are produced. 
The addition of beet sugar (C3 plants – Calvin 
cycle) or cane sugar and corn syrup (C4 plans – 
Hatch-Slack pathway) results in different isotopic 

composition of CO2 and ethanol (Fig. 1). Artifi cial 
carbonating ciders, typically using CO2 from an 
industrial source, result in a 13C value of CO2 
lower than -40‰ (Fig. 2).

Our method is to look for the range of values 
of the isotopic composition for authentic ciders. 
In the study, the stable isotope method for meas-
urement of ethanol and CO2 bubbles (natural or 
exogenous carbonation) will be elaborated to con-
trol the quality of ciders and their compliance 

Fig. 1. The measured 13C values of ethanol for tested ciders.

Table 1. Names of popular apple drinks and concentration of alcohol.

Apple 
drink

Alcohol 
[vol%] Polish market French market English market German market

Juice 0 sok jabłkowy pomme jus apple juice apfelsaft

Cider 1.3-8.0 cydr cidre cider cidre

“Wine” 9-18 “wino jabłkowe” cidre cider apfelwein

Liqueur 18-35 nalewka, likier jabłkowy eau-de-vie de pommes apple liqueur Apfelkorn

Vodka 35-45 wódka jabłkowa calvados 
(only region Calvados)

applejack 
(apple brandy) Obstwasser
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with labelling (authenticity). The basic problem 
surrounding CO2 is: Is the CO2 gas in ciders from 
a natural source (natural fermentation) or from 
an industrial (technical) source? For control of 
cider authenticity, the basic information is the 
compliance oxygen isotopic composition in cider 
(water) with the corresponding composition for 
apple juices from the same geographical region.

Samples of 34 commercial ciders were pur-
chased from the Polish market. We examined 
their isotopic composition using IRMS methods. 
Specially, our study concerned the isotopic com-
position of: carbon 13C in ethanol, oxygen 18O in 
water and carbon 13C in CO2.

The isotopic composition of 13C in CO2 and 
ethanol is fi nally expressed by the following equa-
tion:

The examples of measured isotopic composi-
tion values of cider components are presented in 
Figs. 1 and 2.

The isotopic compositions of water and CO2 
were determined using GasBench (ThermoQuest, 
Germany) connected in the continuous fl ow mode 
to a DELTAplus (FinniganMat, Germany) mass 
spectrometer. The isotopic composition of ethanol 
was measured using the same mass spectro-
meter with the elemental analyser Flash EA1112 
(ThermoQuest, Italy). Every sample was measured 
six times for both the carbon and oxygen isotopic 
composition. The standard deviation of the values 
obtained from measurements was 0.2‰ for 13C 
(ethanol and CO2) and 0.15‰ for 18O (water).

In conclusion, the work will be continued to 
characterize components from the bigger popula-
tion of commercial products (ciders). The main 
result of the studies will be the formation of a data-
base containing the compositions (Table 2) for all 
the basic components of apple drinks from differ-
ent origins. By utilizing the database, employing 
the methods for the origin control of drinks can 
be implemented in everyday practice. It will still 
be necessary to test the sensitivity of the method 
for each component of apple drinks. Finally, on 
the basis of the study, the correlations between 
components of apple drinks will be elaborated.
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Table. 2. Analytical methods used for control of cider (apple drinks) authenticity.

Parameter Component Composition Method

13C ethanol, CO2
13C/12C IRMS

18O water 18O/16O IRMS

18O solid residue 18O/16O IRMS

87Sr solid residue 87Sr/86Sr MC-ICP-MS, TIMS

Elements solid residue trace elements ICP-MS

Sugars solid residue fructose, glucose, sucrose HPLC

Fig. 2. The measured 13C values of ethanol vs. 13C of CO2 
for the Polish commercial ciders.
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LABORATORY LABORATORY 
FOR MEASUREMENTS FOR MEASUREMENTS 

OF TECHNOLOGICAL DOSESOF TECHNOLOGICAL DOSES

The Laboratory for Measurements of Technological Doses (LMTD) was created in 1998 and 
accredited as a testing laboratory in February 2004 (Polish Centre of Accreditation, accredi-
tation number: AB 461). The actual accreditation range is:
• gamma radiation dose measurement by means of a Fricke dosimeter (20-400 Gy), 
• gamma radiation dose measurement by means of a CTA film dosimeter (10-80 kGy), 
• electron radiation dose measurement by means of a CTA film dosimeter (15-40 kGy), 
• electron radiation dose measurement by means of graphite and polystyrene calorimeters 

(1.5-40 kGy), 
• irradiation of dosimeters or other small objects with 60Co gamma radiation to strictly define 

doses, 
• irradiation of dosimeters or other small objects with 10 MeV electron beams to strictly 

define doses. 
The secondary standard of the dose rate utilized by the LMTD is a 60Co gamma source 

Issledovatel and a Gamma Chamber 5000. The sources were calibrated in January 2016 and 
in March 2012, respectively, according to the NPL (National Physical Laboratory, Teddington, 
UK) primary standard. The uncertainty of the dose rate was estimated to be 3.0% and 3.1% 
(U, k = 2).

In accordance with the recommendations of the standard PN-EN ISO/IAC 17025:2005, 
a laboratory establishes traceability of its own measurement standards and measuring instru-
ments to the SI by means of an unbroken chain of calibrations or comparisons that links 
them to the relevant primary standards of the SI units of measurement. The link with SI units 
may be achieved by referencing to the national measurement standards. These may be primary 
standards, which are primary realizations of the SI units or agreed representations of SI units 
based on fundamental physical constants, or they may be secondary standards calibrated by 
another national metrology institute. The calibration of all types of dosimeter systems that 
are used routinely should be checked by comparison with a reference standard or a transfer 
standard dosimeter. 

In 2017, the LPDT performed measurements for its PVC, B3 and Amber Perspex dosi-
meters. These consisted in determining calibration curves for electron beam irradiation and 
comparing them with the LPDT calorimeters. The dose range of 5-40 kGy corresponded to 
the routine radiation sterilization process for medical devices, transplants and pharmaceu-
ticals. For the above-mentioned dosimeters, the following calibration curves (D = f(Abs)) 
were obtained:
• for the PVC dosimeter: Y = -26.236x2 + 71.513x – 4.6068, R2 = 0.9971, uncertainty = 4.62%;
• for the B3 dosimeter: Y = -22.386x2 + 96.345x – 3.7356, R2 = 0.9698, uncertainty = 4.39%;
• for the Amber Perspex dosimeter: Y = 32.211x2 + 12.759x + 1.4207, R2 = 0.9944, uncer-

tainty = 5.39%, and Y = 77.847x2 + 21.088x + 1.5026, R2 = 0.9937, uncertainty = 4.24%. 





LABORATORY FOR DETECTION LABORATORY FOR DETECTION 
OF IRRADIATED FOODOF IRRADIATED FOOD

The Laboratory for Detection of Irradiated Food was cr eated at the Institute of Nuclear 
Chemistry and Technology in 1994. The adoption of the quality assurance system resulted in 
accreditation of the Laboratory in 1999 by the Polish Centre for Accreditation (PCA). Since 
that time, the Laboratory for Detection of Irradiated Food has constantly maintained the 
status of an accredited R&D unit and is authorized to examine food samples to classify them 
as being either irradiated or not irradiated. Every four years, the Laboratory accreditation 
certifi cate must be renewed after successfully passing the PCA expert audit. The current 
certifi cate, which is the 5th, was received on 30th September 2014 and is valid until 24th 
October 2018.

Professional and well-experienced staff members are working to improve irradiation de-
tection methods adapted in the Laboratory to make them more sensitive and reliable for an 
extended group of food articles. The Laboratory offers analytical services in this fi eld to 
domestic and foreign customers for an extended assortment of food articles via the use of fi ve 
appropriate and normalized analytical methods. The Scope of Accreditation – an integral part 
of the accreditation certifi cate, offers customers fi ve methods suitable to detect radiation 
treatment in almost all foodstuffs available in the open market. 
Nowadays, many food items such as herbal pharmaceuticals, diet supplements, and food 
extracts are received by the Laboratory for examination of irradiation from our domestic and 
foreign customers.

The Laboratory implemented the following detection methods:
• A method for the detection of irradiated food from which silicate minerals can be isolated 

using a thermoluminescence (TL) reader; this method is based on analytical procedures 
recommended by the CEN European standard EN 1788.

• A method for the detection of irradiated food containing bone via the use of electron 
paramagnetic spectroscopy (EPR/ESR) based on an analytical procedure described by the 
CEN European standard EN 1786.

• A method for the detection of irradiated food containing cellulose via the use of EPR 
spectroscopy based on an analytical procedure described by the CEN European standard 
EN 1787.

• A method for the detection of irradiated food containing crystalline sugars with EPR 
spectroscopy based on analytical procedures described by the CEN European standard 
EN 13708.

• A method for the detection of irradiated food using a photostimulated luminescence (PSL) 
reader; this method is based on analytical procedures recommended by the CEN European 
standard EN 13751.

The application of the aforementioned fi ve standardized detection methods to specifi ed groups 
of foods that have been validated in the Laboratory guarantees the accurate analysis and re-
liable classifi cation of food samples delivered to the Laboratory for testing.

The Laboratory is actively and effectively implementing improved analytical and measure-
ment procedures that are suitable for detection of irradiation in complex food articles con-
taining low or very low concentrations of irradiated ingredients. These are typically aromatic 
herbs and spices admixed to the product.

It has been experimentally proven that modifi cation of the mineral isolation procedure, 
the determination of isolated mineral content, and the effectiveness of mineral thermolumines-
cence are the important factors that infl uence the detection ability of the employed analytical 
method. 



In 2017, the Laboratory reported a large increase in the number of samples delivered by 
domestic customers to be analysed; samples were also delivered by foreign customers from 
Germany, Italy, Denmark, Latvia, Hungary and Spain. The assortment of samples received 
comprised food extracts, herbal pharmaceuticals, diet supplements, spices, dried vegetables 
and red fermented rice. In total, 1426 samples were examined. Of these, 1419 samples were 
examined by the TL method, while the EPR based analytical procedures were applied only 
three times and the PSL – four times.

From 19th June 2012, the Laboratory has held the status of the reference laboratory in the 
fi eld of the detection of irradiated food in Poland under the nomination of the Ministry of 
Health (National Reference Laboratory No. 5). As such, the Laboratory is responsible for 
organizing control and monitoring irradiated food around the country.
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INVESTIGATION OF LOW DOSE IRRADIATED DRIED FRUITS 
BY A STANDARDIZED ELECTRON PARAMAGNETIC RESONANCE 

DETECTION METHOD 
Grzegorz Piotr Guzik, Magdalena Miłkowska

The dried fruit components of diet supplements 
and fruit extracts are supposed to positively infl u-
ence human condition and health. These compo-
nents are usually dried in a traditional manner 
and contain many impurities and microbial con-
taminants, including dangerous pests. For this rea-
son, dried fruits undergo disinfection leading to 
microbial decontamination.

One of the most effective methods of microbial 
decontamination of dried and fresh fruits is irra-
diation [1, 2]. As recommended by a FAO/WHO 
expert group, the safe dose of ionizing radiation 
as applied to food is 0.2-10 kGy [3], while in the 
case of dried spices and fruits it is 5-10 kGy, de-
pending on the content of microbial contaminants. 
Recently, thermal or high pressure treatment com-
bined with irradiation have been applied for the 
decontamination of these products. In such com-
bined disinfection processes markedly lower doses 
of ionizing radiation than those recommended are 
required.

The aim of the present study was to evaluate 
the detection limits of such low dose irradiation 
applied to dried fruits examined after a long period 
of storage. In other words, the determination of the 
possibility of the detection of irradiation in dried 
fruits irradiated with low doses of ionizing radia-
tion and stored for a prolonged period. An analyti-
cal procedure based on the CEN European stand-
ard EN 13708 was used [4].

The subject of the investigation were ten species 
of dried fruits used in pharmacy as available on 
the market. These were: plum, apricot, strawberry, 
cherry, cranberry, date, raisin, mulberry, fi g, and 
blackcurrant. All the fruits were irradiated with 
doses of 0.3 kGy and 0.5 kGy (the lowest recom-
mended technological doses in use). For compari-
son, non-irradiated batches of the tested fruits 
were investigated in parallel. 

Depending on the species examined by the EPR 
(electron paramagnetic resonance) method, the 
fruit components tested were the peels, stones, 
skins or pulp/fl esh. The samples taken for inves-
tigation were dried fruits purchased from the 
market or fresh fruits dried for 48 h at 40oC in a 
dryer machine under a fl ow of dry air. The samples 

were irradiated in a 60Co gamma source (Gamma 
Chamber 5000) with two doses, 0.3 kGy and 0.5 
kGy. A suitable portion of each fruit was placed in 
a signal-free glass ampoule 4 mm in diameter and 
subsequently measured with a Bruker EMXplus 
EPR spectrometer equipped with Xenon software. 
Representative EPR signals obtained with the in-
vestigated fruits are shown in Figs. 1-4, respectively.

The EPR measurements of dried samples were 
carried out 1 day after the irradiation to avoid the 
interference of short-lived radicals produced by 
radiation. The specifi c signal characteristic for ir-
radiated sugars (Fig. 1) appeared for all fruits, with 
the exception of plum and apricot (Table 1). How-
ever, in the irradiated, dried strawberry’s EPR 
signal only a central line with two weak satellite 
lines on both sides was noted, proving that radia-
tion-evoked cellulose radicals were involved.

Fig. 1. EPR signals of dried cherry and strawberry irradi-
ated with a 0.5 kGy dose of 60Co gamma radiation and meas-
ured 1 day after irradiation at room temperature. The multi-
line broad signal of dried cherry resembles the signals 
observed with radiation-treated food products containing 
crystalline sugar. The characteristic signal of cellulose radi-
cals can be recognized in the dried strawberry’s EPR trace.

Fig.2. EPR signal of dried cherry irradiated with a 0.5 kGy 
dose of 60Co gamma radiation and measured 20 months 
after irradiation. The multiline broad signal is typical of ra-
diation-treated food products containing crystalline sugar.

Fig.3. EPR signals of dried mulberry irradiated with 0.3 kGy 
and 0.5 kGy doses of 60Co gamma radiation, me asured 20 
months after irradiation.
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The samples were then stored in the dark for 
20 months to determine the stability of the EPR 
signals involved. The results of the second EPR 
examination are shown in Table 2.

The intensities of the central EPR signals re-
corded for dried samples immediately after irra-

diation were markedly higher than those register-
ed after 20 months of storage.

The EPR signal recorded with irradiated cherry 
was a broad (5.8 mT), multiline spectrum derived 
from stable radicals trapped in crystalline sugars 
(Fig.2). This kind of stable EPR signal was record-
ed with most commercially available dried fruits. 
However, after 20 months of storage this EPR sig-
nal was only seen for three irradiated fruits: cherry, 
cranberry and mulberry (all treated with a 0.5 kGy 
dose and also for mulberry treated with a 0.3 kGy 
dose) [5, 6]. 

The EPR signal recorded with irradiated mul-
berry represented a different multiline signal (7.4 
mT broad), which could be assigned to a sugar-
-derived signal (Fig.3). 

A different EPR signal was recorded with the 
sample of irradiated dried cranberries (Fig. 4). In 
this signal a triplet with a strong central line was 
seen. The distance between the two weak satellite 
lines was about 6 mT with g = 2.004, evidence 
that cellulose radicals were involved [7]. 

The multiline, broad signal that was recorded 
was like a weak sugar signal. The whole fruit was 

irradiated with 0.3 kGy and 0.5 kGy doses of 60Co 
gamma radiation and measured 20 months after 

Table 1. The results of the EPR study of dried fruits 1 day after irradiation at room temperature.

Dried fruit Dose 
[kGy] EPR result 1 day after irradiation Dose 

[kGy] EPR result 1 day after irradiation

Plum 0.3 no signal 0.5 no signal

Apricot 0.3 no signal 0.5 no signal

Strawberry 0.3 weak cellulose-derived signal 0.5 weak cellulose-derived signal

Cherry 0.3 specifi c sugar-derived signal 0.5 specifi c sugar-derived signal

Cranberry 0.3 specifi c sugar-derived signal 0.5 specifi c sugar-derived signal

Date 0.3 specifi c sugar-derived signal 0.5 specifi c sugar-derived signal

Raisin 0.3 specifi c sugar-derived signal 0.5 specifi c sugar-derived signal

Mulberry 0.3 specifi c sugar-derived signal 0.5 specifi c sugar-derived signal

Fig 0.3 specifi c sugar-derived signal 0.5 specifi c sugar-derived signal

Blackcurrant 0.3 specifi c sugar-derived signal 0.5 specifi c sugar-derived signal

Table 2. The results of the EPR study of ten fruits after 20 months of storage at room temperature.

Dried fruit Dose 
[kGy] EPR result after 20 months of storage Dose 

[kGy] EPR result after 20 months of storage

Plum 0.3 no signal 0.5 no signal

Apricot 0.3 no signal 0.5 no signal

Strawberry 0.3 no characteristic signal – only central line 0.5 no characteristic signal – only central line

Cherry 0.3 no characteristic signal – only central line 0.5 sugar-derived signal

Cranberry 0.3 no characteristic signal – only central line 0.5 weak sugar-derived signal

Date 0.3 no characteristic signal – only central line 0.5 no characteristic signal – only central line

Raisin 0.3 no satellite lines 0.5 no satellite lines

Mulberry 0.3 weak sugar-derived signal 0.5 weak sugar-derived signal

Fig 0.3 no characteristic signal – only central line 0.5 no characteristic signal – only central line

Blackcurrant 0.3 no characteristic signal – only central line 0.5 no characteristic signal – only central line

Fig.4. EPR signals of dried cranberries. The multiline, broad 
signal recorded is like a weak sugar signal. The whole fruit 
was irradiated with 0.3 kGy and 0.5 kGy doses of 60Co 
gamma radiation and the signal was measured 20 months 
after irradiation. Two weak satellite lines on both sides of 
central line prove that cellulose radiation-evoked radicals 
were involved.
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irradiation. Two weak satellite lines on both sides 
of the central line proved that cellulose radiation-
-evoked radicals were involved.

The EPR spectra of seven species of dried 
fruits irradiated with 0.3 kGy and 0.5 kGy doses 
and investigated 1 day after treatment gave well-
-resolved multiline signals specifi c for irradiated 
sugars. No EPR signal was found with the plum 
or apricot. The characteristic signal of the cellu-
lose radical could be recognized with dried straw-
berry.

After prolonged storage of the samples for 20 
months, the radiation-induced EPR signals sur-
vived in the samples of cherry, cranberry and mul-
berry, giving evidence of the unique stability at 
room temperature of the EPR signals in these 
fruits. The remaining seven species of investigat-
ed fruits did not give any characteristic signal after 
prolonged storage, but only a strong single line in 
the central part of the spectrum. Only for dried 
cherry, cranberry and mulberry treated with 0.3 
kGy or 0.5 kGy doses it was possible to detect 
irradiation after 20 months of storage at room 
temperature.
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The primary focus of the Laboratory activity in 2017 was the development of methods and 
equipment, based generally on the application of ionizing radiation and process engineering 
for both measurements and diagnostic purposes. The research programme of the Laboratory 
was focused on the following topics:
• development of measuring devices and systems for industry and for protection of the en-

vironment;
• development of a new leakage control method for testing industrial installations during 

their operation;
• identifi cation and optimization of industrial processes using the tracer and radiotracer 

methods;
• application of membrane processes of biogas separation and their enrichment in methane;
• elaboration and industrial scale implementation of new methods and technology of biogas 

production by fermentation of agriculture substrates and by-products such as wastewater 
sediments obtained during wastewater clarifi cation;

• development of new radiotracer and radiometric methods for optimization of hydrometal-
lurgical processes.
In the fi eld of elaboration and construction of nuclear instrumentation, the works were 

directed towards the detection of radioactive contamination and measurements of the con-
centration of radon daughter radioisotopes in air.

In the above-mentioned areas of activity, the Laboratory cooperated with the International 
Atomic Energy Agency (IAEA).
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V. Baev, M. Budzyński, V. Laletin, V. Mitsiuk, N. Poddubnaya, Z. Surowiec, K. Yanushkevich 

6. Structural properties of Mn-substituted hercynite 
I. Jastrzębska, W. Bodnar, K. Witte, E. Burkel, P. Stoch, J. Szczerba 

7.  57Fe Mössbauer spectroscopy investigations of iron phase composition in fl uidized beds from the 
ELCHO power plant in Chorzów, Poland 
M. Kądziołka-Gaweł, D. Smolka-Danielowska 

8. Thermodynamic properties of dilute Co-Fe solid solutions studied by 57Fe Mössbauer spectroscopy 
R. Konieczny  , R. Idczak 

9. Compositional dependence of hyperfi ne interactions and magnetoelectric coupling in (BiFeO3)x-(BaTiO3)1–x 
solid solutions 
K. Kowal, P. Guzdek, M. Kowalczyk, E. Jartych

10. Spin reorientation process in Tm2–xHoxFe14B – analysis of conical arrangement based on Mössbauer 
spectra 
P.M. Kurzydło, A.T. Pędziwiatr, B.F. Bogacz, J. Przewoźnik, D. Oleszak 

11. Mössbauer and heat capacity studies of ErZnSn2

K. Łątka, J. Przewoźnik, J. Żukrowski, Yu. Verbovytskyy, A.P. Gonçalves 

12. Hyperfi ne interactions and some thermomagnetic properties of amorphous FeZr(Cr)NbBCu alloys 
A. Łukiewska, J. Olszewski 

13. Preliminary results of 57Fe Mössbauer spectroscopy of metamict samarskite after one-hour high tem-
perature annealing in argon
D. Malczewski, A. Grabias

14. Identifi cation of iron-bearing minerals in basalts and pillow lavas of the Kaczawa Mountains using 57Fe 
Mössbauer spectroscopy 
D. Malczewski, M. Jeleń, J. Żaba, A. Błachowski, K. Ruebenbauer, M. Dziurowicz 

15. Effect of BaTiO3 concentration on structural and magnetic properties of mechanically activated 
BiFeO3-BaTiO3 system 
B. Malesa, T. Pikula, D. Oleszak, E. Jartych

16. A comparative study of hyperfi ne interactions in Aurivillius compounds prepared by mechanical activa-
tion and solid-state sintering
M. Mazurek, E. Jartych

17. An example of the application of Mössbauer spectroscopy for determination of concentration of iron in 
lyophilized brain tissue 
P. Rzepecka, P. Duda, J. Giebułtowicz, M. Sochacka, A. Friedman, J. Gałązka-Friedman 

18. Synthesis and characterization of AgFeO2 delafossite with non-stoichiometric silver concentration 
K. Siedliska, T. Pikula, D. Chocyk, E. Jartych 

19. Metallurgical quality evaluation of the wind turbine main shaft 42CrMo4 steel: microscopic and Möss-
bauer studies 
Z. Siemiątkowski, M. Gzik-Szumiata, T. Szumiata, M. Rucki, R. Martynowski 

20. Crystal structure and Mössbauer effect in multiferroic 0.5BiFeO3-0.5Pb(Fe0.5Ta0.5)O3 solid solution 
A. Stoch, J. Maurin, P. Stoch, J. Kulawik, D. Szwagierczak

21. Investigation of magnetite Fe3O4 nanoparticles for magnetic hyperthermia 
Z. Surowiec, A. Miaskowski, M. Budzyński 

22. Iron-containing phases in metallurgical and coke dusts as well as in bog iron ore 
T. Szumiata, M. Rachwał, T. Magiera, K. Brzózka, M. Gzik-Szumiata, M. Gawroński, B. Górka, J. Ky-
zioł-Komosińska 

CONTENTS OF No. 3/2017

1. Two new separation schemes for the group isolation of rare earth elements (REE) from biological and 
other matrices and their determination by ICP-MS, NAA and chromatographic methods 
R.S. Dybczyński, Z. Samczyński, I. Bartosiewicz, K. Kulisa, H. Polkowska-Motrenko, M. Pyszynska, 
I. Zuba
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2. Ion exchange investigation for recovery of uranium from acidic pregnant leach solutions
B. Danko, R.S. Dybczyński, Z. Samczyński, D. Gajda, I. Herdzik-Koniecko, G. Zakrzewska-Kołtunie-
wicz, E. Chajduk, K. Kulisa

3. Characterization of some modern scintillators recommended for use on large fusion facilities in -ray 
spectroscopy and tomographic measurements of -emission profi les
P. Sibczynski, A. Broslawski, A. Gojska, V. Kiptily, S. Korolczuk, R. Kwiatkowski, S. Mianowski, 
M. Moszyński, J. Rzadkiewicz, L. Swiderski, A. Szydlowski, Z. Zychor

4. Deconvolution of alpha spectra from air fi lters applied for measurements of the short-lived radon 
progeny concentration
K. Skubacz

5. Kinetic modelling of NO heterogeneous radiation-catalytic oxidation on the TiO2 surface in humid air 
under the electron beam irradiation
H. Nichipor, Y. Sun, A.G. Chmielewski

CONTENTS OF No. 4/2017

Proceedings of the International Conference on Applications of Radiation Science and Technology 
(ICARST-2017), 24-28 April 2017, Vienna, Austria
1. Preface 

N. Ramamoorthy

2. Application of gamma radiation and physicochemical treatment to improve the bioactive properties of 
chitosan extracted from shrimp shell 
J. Aktar, Z. Hasan, T. Afroz, Harun-or-Rashid, K. Pramanik

3. Radiation processing for cultural heritage preservation – Romanian experience 
I.V. Moise, M. Ene, C.D. Negut, M. Cutrubinis, M.M. Manea

4. Radiation activities and application of ionizing radiation on cultural heritage at ENEA Calliope gamma 
facility (Casaccia R.C., Rome, Italy)
S. Baccaro, A. Cemmi

5. Chemical reduction of nitrate by zerovalent iron nanoparticles adsorbed radiation-grafted copolymer 
matrix
S.Y. Ratnayake, A.K. Ratnayake, D. Schild, E. Maczka, E. Jartych, J. Luetzenkirchen, M. Kosmulski, 
R. Weerasooriya

6. Flow dynamics study of catalyst powder in catalytic cracking unit for troubleshooting
V. Yelgaonkar, G. Agrahari, D. Vikrant, R. Prasanna, B.K. Pathak

7. Performance evaluation of a rectifi er column using gamma column scanning 
D.D. Aquino, J.P. Mallillin, R.F. Sulit, F.C. Hila, I.A.A. Nuñez, A.D.M. Bulos 

8. Radiotracer investigation of a pulp and paper mill effl uent treatment plant
M. Sakar, V.K. Sangal, H. Bhunia, P.K. Bajpai, H.J. Pant, V.K. Sharma, A. Kumar, A.K. Naithani

9. Technetium-99m: From nuclear medicine applications to fi ne sediment transport studies
J.V. Bandeira, I.H. Salim

10. Development of the irradiation facility SIBO INRA/Tangier, Morocco by upgrading cobalt-60 in a tem-
porary pool and enhancing safety and control features
M. Mohammed, C. Mouad, G. Amina

11. Erratum to “Preliminary results of 57Fe Mössbauer spectroscopy of metamict samarskite after one-hour 
high temperature annealing in argon” [Nukleonika 2017;62(2):141-144]
D. Malczewski, A. Grabias
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EDITORIAL BOARD 

Stanisław Latek (Editor-in-Chief), Wojciech Głuszewski, Maria Kowalska, Łukasz Sawicki, Marek 
Rabiński, Edward Rurarz, Elżbieta Zalewska 

CONTENTS OF No. 1/2017
1. Promieniujemy na całą gospodarkę – polski przemysł dla elektrowni jądrowej (Radiate for all the economy 

– Polish industry for nuclear plant)
S. Latek

2. Inne wrażenia po konferencji „Polski przemysł dla elektrowni jądrowej” (Other impressions after the 
Conference “Polish industry for nuclear power plant”)
A. Mikulski

3. Low energy electron beams for industrial and environmental applications / Niskoenergetyczne wiązki elek-
tronów do zastosowań w przemyśle i ochronie środowiska
V. Skarda

4. Akceleratory elektronów stosowane w technice radiacyjnej (niezawodność, aspekty ekonomiczne) (Ac-
celerators of electrons applied in radiation processing (reliability, economic aspects))
Z. Zimek

5. Modyfi kowane radiacyjnie kompozyty polimerowe w ochronie przed promieniowaniem mikrofalowym 
(Radiation modifi ed polymer composites in protection from microwave radiation)
W. Głuszewski, R. Kubacki, M. Rajkiewicz

6. Praca reaktora badawczego MARIA w 2016 roku (Research reactor MARIA operation in 2016)
A. Gołąb, E. Borek-Kruszewska

7. MUTSU
K. Rzymkowski

8. Uwarunkowania polityki energetycznej Unii Europejskiej i odniesienie do Polski – wykład prof. Jerzego 
Buzka (European Union energy policy and its relevance for Poland – lecture by Prof. Jerzy Buzek)
D.W. Kulczyński

CONTENTS OF No. 2/2017 
1. Maria Skłodowska-Curie i powstanie Instytutu Radowego w Warszawie (Maria Skłodowska-Curie and 

the establishment of the Radium Institute in Warsaw)
M. Sobieszczak-Marciniak

2. 85. Rocznica otwarcia Instytutu Radowego (85th Anniversary of the opening of the Radium Institute in 
Warsaw)
M. Sobieszczak-Marciniak

3. ICARST 2017
S. Latek

4. Philosophical and social aspects of the cold fusion controversy/Filozofi czne i społeczne aspekty niepo-
rozumień na temat zimnej fuzji
L. Kowalski

5. “Site evaluation for nuclear installations”, IAEA Safety Standards, Safety Requirements, No. NS-R-3 
(Rev. 1), Vienna, 2016
T. Musiałowicz

6. Wybrane spekty procesów inżynierii chemicznej od wydobycia rud uranowych do wzbogacania uranu 
(Selected aspects of chemical engineering processes from the mining of uranium to the uranium enrich-
ment)
M.M. Szołucha
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7. Bezpośrednia radiografi a cyfrowa (Digital direct radiography)
G. Jezierski

CONTENTS OF No. 3/2017 
1. O konieczności zmiany paradygmatu ochrony radiologicznej – komentarz SARI – Stowarzyszenia Uczo-

nych dla Rzetelnej Informacji o Promieniowaniu (On the need to replace the present paradigm of radiation 
protection – comments by SARI – Scientists for Accurate Radiation Information)
L. Dobrzyński, M.K. Janiak, A. Strupczewski, M. Waligórski

2. 50 lat działalności Polskiego Towarzystwa Badań Radiacyjnych im. Marii Skłodowskiej-Curie: 1967-2017 
(50 Years of activity of the Polish Radiation Research Society memorial to Maria Skłodowska-Curie: 
1967-2017)
S. Sommer

3. Elektrownia jądrowa w Polsce – odsłona sierpień 2017 (Nuclear power plant in Poland – status in August 
2017)
A. Mikulski

4. Akcelerator IntraLine-IOERT do radioterapii śródoperacyjnej (The IOERT IntraLine accelerator for 
intraoperative radiotherapy)
J. Pracz, A. Syntfeld-Każuch

5. 150-lecie urodzin Marii Skłodowskiej-Curie, dwukrotnej laureatki Nagrody Nobla (w 1903 r. i w 1911 r.) 
(150 Years from nativity of Madame Maria Skłodowska-Curie, twice winner of the Nobel Prize (in 1903 
and 1911))
E. Rurarz, M. Sobieszczak-Marciniak

CONTENTS OF No. 4/2017 
1. Irena Joliot-Curie, genialna córka genialnej matki – w 120 rocznicę urodzin (Irene Joliot-Curie, brilliant 

daughter of brilliant mother – on the 120th anniversary of the birth)
M. Sobieszczak-Marciniak

2. W poszukiwaniu seryjnie produkowanego reaktora XXI wieku (In the search for mass produced reactor 
of the twenty fi rst century)
D.W. Kulczyński

3. Basen wypalonego paliwa (Spent fuel pool)
K. Rzymkowski

4. Chemia radiacyjna jako źródło unikatowych technologii syntezy i modyfi kacji polimerów (Radiation 
chemistry as a source of unique technologies of synthesis and modifi cation of polymers)
W. Głuszewski
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Dorodna 16, 03-195 Warszawa, Poland
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THE INCT PATENTS AND PATENT APPLICATIONS IN 2017

PATENTS

1. Sposób selektywnego wydzielania uranu i protaktynu z materiału zawierającego tor (A selective extrac-
tion of uranium and protactinium from material containing thorium)
P. Kalbarczyk, H. Polkowska-Motrenko, E. Chajduk
Polish Patent 226415

2. Sposób i układ transportu i mieszania zawiesiny biomasy w hydrolizerze i w fermentorze (Method and 
system of transferring and mixing of a biomass slurry in a hydrolyser and fermenter)
A.G. Chmielewski, A. Kryłowicz, J. Usidus, K. Chrzanowski 
Polish Patent

3. Kompozytowy wymieniacz jonowy, zwłaszcza do sorbcji radioizotopów Sr-85, Co-60, Zn-65 i sposób 
jego wytwarzania (Composite ion exchanger for adsorption of Sr-85, Co-60, Zn-65 and method for its 
preparation)
B. Filipowicz, B. Bartoś, M. Łyczko, K. Łyczko, A. Bilewicz
Polish Patent

4. A process for the preparation of uranium dioxide with spherical and irregular grains
A.G. Chmielewski, A. Deptuła, M. Brykała, W.  Łada, D. Wawszczak, T. Olczak 
European Patent EP2316794

5. Method of dissolution of thorium oxide
K. Łyczko, M. Łyczko, I. Herdzik, B. Zielińska
European Patent EP2397443

6. A process for the preparation of uranium dioxide with spherical and irregular grains
A.G. Chmielewski, A. Deptuła, M. Brykała, W.  Łada, D. Wawszczak, T. Olczak
Ukrainian Patent UK104857

PATENT APPLICATIONS

1. Sposób sorpcji wieloskładnikowych metali ziem rzadkich (The sorption method of multicomponent rare 
earth metals from aqueous solutions)
O. Roubinek 
Polish Patent Application P-421860

2. Sposób redukcji wysokich stężeń tlenków azotu w gazach odlotowych z wysokoprężnych silników Diesla 
(A method of reducing high concentrations of nitrogen oxides in the exhaust gases from diesel engines)
A.G. Chmielewski, J. Licki, Y. Sun, E. Zwolińska, Z. Zimek, A. Błocka
Polish Patent Application P-420468

3. Sposób ługowania metali z pomiedziowych odpadów pofl otacyjnych z pirometalurgicznej metody pro-
dukcji miedzi (Leaching of metals from post-fl otation copper waste from the pyrometallurgical process of 
copper production)
T. Smoliński, M. Rogowski, M. Pyszynska, A.G. Chmielewski
Polish Patent Application

4. Sposób redukcji wysokich stężeń tlenków azotu w gazach odlotowych z wysokoprężnych silników Diesla 
(A method of reducing high concentrations of nitrogen oxides in the exhaust gases from diesel engines) 
A.G. Chmielewski, J. Licki, Y. Sun, E. Zwolińska, Z. Zimek, A. Błocka
European Patent Application
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CONFERENCES ORGANIZED AND CO-ORGANIZED 
BY THE INCT IN 2017

1. SEMINAR ERASMUS+ KA1, 22-26 MAY 2017, WARSZAWA, POLAND
Organized by the Institute of Nuclear Chemistry and Technology

Organizer: Yongxia Sun, Ph.D., D.Sc., professor in INCT

2. DISSEMINATION  OF THE TEXTBOOK “APPLICATIONS OF IONIZING RADIATION IN 
MATERIALS PROCESSING” IN THE FRAME OF THE PROJECT ENTITLED “JOINT INNO-
VATIVE TRAINING AND TEACHING/LEARNING PROGRAM IN ENHANCING DEVEL-
OPMENT AND TRANSFER KNOWLEDGE OF APPLICATION OF IONIZING RADIATION 
IN MATERIALS PROCESSING” OF ERASMUS+ KA2  PROGRAMME, 25 MAY 2017, WAR-
SZAWA, POLAND

Organized by the Institute of Nuclear Chemistry and Technology; Centre for Innovation and Technology 
Transfer Management, Warsaw University of Technology

Organizing Committee: Yongxia Sun, Ph.D., D.Sc., professor in INCT, Grażyna Przybytniak, Ph.D., D.Sc., 
professor in INCT

3. SYMPOZJUM „TECHNIKI RADIACYJNE W PRZETWÓRSTWIE TWORZYW SZTUCZNYCH” 
(SYMPOSIUM “RADIATION TECHNIQUES IN PLASTICS PROCESSING”), 8-9 JUNE 2017, 
WARSZAWA, POLAND

Organized by the Institute of Nuclear Chemistry and Technology

Organizing Committee: Ewa M. Kornacka, Ph.D., Wojciech Głuszewski, Ph.D., Andrzej Nowicki, Ph.D., 
Magdalena Rzepna, M.Sc.

4. SUMMER SCHOOL “ADVANCED APPLICATION OF ELECTRON BEAM ACCELERATORS” 
IN THE FRAME OF THE PROJECT ENTITLED “ACCELERATOR RESEARCH AND INNO-
VATION FOR EUROPEAN SCIENCE AND SOCIETY” (ARIES), 19-23 JUNE 2017, WAR-
SZAWA, POLAND

Organized by the Institute of Nuclear Chemistry and Technology, International Atomic Energy Agency

Organizing Committee: Sunil Sabharwal, Ph.D., Prof. Andrzej G. Chmielewski, Ph.D., D.Sc., Zbigniew 
Zimek, Ph.D.

5. DISSEMINATION  OF THE TEXTBOOK “APPLICATIONS OF IONIZING RADIATION IN 
MATERIALS PROCESSING” IN THE FRAME OF THE PROJECT ENTITLED “JOINT INNO-
VATIVE TRAINING AND TEACHING/LEARNING PROGRAM IN ENHANCING DEVEL-
OPMENT AND TRANSFER KNOWLEDGE OF APPLICATION OF IONIZING RADIATION 
IN MATERIALS PROCESSING” OF ERASMUS+ KA2  PROGRAMME, 23 JUNE 2017, WAR-
SZAWA, POLAND

Organized by the Institute of Nuclear Chemistry and Technology, International Atomic Energy Agency

Organizing Committee: Yongxia Sun, Ph.D., D.Sc., professor in INCT, Sunil Sabharwal, Ph.D.

6. SEMINARIUM „PROGRAM JĄDROWY W POLSCE – ANALIZA SPOŁECZNO-EKONO-
MICZNA” W RAMACH PROJEKTU “BADANIE SPOŁECZNYCH I SPOŁECZNO-EKONO-
MICZNYCH EFEKTÓW WDRAŻANIA POLSKIEGO PROGRAMU ENERGETYKI JĄDROWEJ 
PRZY UŻYCIU NOWEJ METODOLOGII” (SEMINAR “NUCLEAR POWER PROGRAMME 
IN POLAND – SOCIO-ECONOMIC ANALYSIS” IN THE FRAME OF THE IAEA COORDI-
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NATED PROJECT “STUDYING  THE SOCIAL AND SOCIO-ECONOMIC EFFECTS OF THE 
IMPLEMENTATION OF THE POLISH NUCLEAR POWER PROGRAMME USING NEW 
METHODOLOGY”), 25 AUGUST 2017, WARSZAWA, POLAND

Organized by the Institute of Nuclear Chemistry and Technology 

Organizing Committee: Agnieszka Miśkiewicz, Ph.D., Prof. Grażyna Zakrzewska-Kołtuniewicz, Ph.D., 
Dorota Gajda, M.Sc.

7. NUTECH-2017 INTERNATIONAL CONFERENCE ON DEVELOPMENTS AND APPLICA-
TIONS OF NUCLEAR TECHNOLOGIES, 10-13 SEPTEMBER 2017, KRAKÓW, POLAND

Organized by the Faculty of Energy and Fuels, AGH University of Science and Technology; Faculty of 
Physics and Applied Computer Science, AGH University of Science and Technology; Fundation for AGH 
University of Science and Technology; Institute of Nuclear Chemistry and Technology; Ministry of Energy; 
Ministry of Science and Higher Education; National Atomic Energy Agency; Polish Nuclear Society; Inter-
national Atomic Energy Agency

Organizing Committee: Prof. Marek Lankosz, Ph.D., D.Sc., Prof. Andrzej G. Chmielewski, Ph.D., D.Sc., 
Prof. Kazimierz Różański, Ph.D., D.Sc., Jakub Nowak, Ph.D., Leszek Furman, Ph.D., Lucyna Samek, Ph.D., 
Marek Ciechanowski, Ph.D., Joanna Dudała, Ph.D., Pawel Wrobel, Ph.D., Jerzy Cetnar, Ph.D., D.Sc., pro-
fessor in AGH, Mikołaj Oettingen, Ph.D., Paweł Gajda, Ph.D., Przemysław Stanisz, Ph.D., Prof. Grażyna 
Zakrzewska-Kołtuniewicz, Ph.D., D.Sc., Wojciech Migdał, Ph.D., D.Sc., professor in INCT

8. XIV SZKOŁA STERYLIZACJI I MIKROBIOLOGICZNEJ DEKONTAMINACJI RADIACYJNEJ 
(XIV TRAINING COURSE ON RADIATION STERILIZATION AND HYGIENIZATION), 
19-20 OCTOBER 2017, WARSZAWA, POLAND

Organized by the Institute of Nuclear Chemistry and Technology

Organizing Committee: Zbigniew Zimek, Ph.D., Andrzej Rafalski, Ph.D., Wojciech Głuszewski, Ph.D., Mag-
dalena Rzepna, M.Sc.

9. KONFERENCJA NAUKOWA „WYBRANE ZAGADNIENIA ANALIZY ŚLADOWEJ” Z OKAZJI 
JUBILEUSZU 60-LECIA PRACY W IBJ-IChTJ PROF. DR. HAB. RAJMUNDA S. DYBCZYŃ-
SKIEGO (SCIENTIFIC CONFERENCE “SELECTED PROBLEMS OF TRACE ANALYSIS” 
ON THE OCCASION OF THE 60th ANNIVERSARY OF WORK OF PROF. RAJMUND S. 
DYBCZYŃSKI AT THE INR-INCT), 5 DECEMBER 2017, WARSZAWA, POLAND

Organized by the Institute of Nuclear Chemistry and Technology

Organizing Committee: Halina Polkowska-Motrenko, Ph.D., D.Sc., professor in INCT, Anna Bojanowska-Czaj-
ka, Ph.D., Jakub Dudek, Ph.D.
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Ph.D. THESES

1. Iwona Bartosiewicz, M.Sc. (INCT Ph.D. student)
Biogeochemiczne zachowania uranu i pierwiastków towarzyszących na terenach poeksploatacyjnych rud 
uranu w bloku karkonosko-izerskim (Biogeochemical behaviour of uranium and associated elements in 
areas of uranium post-mining wastes in the Karkonosze-Izera block)
supervisor: Halina Polkowska-Motrenko, Ph.D., D.Sc., professor in INCT
Institute of Nuclear Chemistry and Technology, 31.03.2017

2. Grzegorz Guzik, M.Sc. (Institute of Nuclear Chemistry and Technology, Warszawa, Poland)
Badania trwałych efektów radiacyjnych w cukrach prostych pod kątem identyfi kacji napromieniowanej 
żywności (Stable radiation effects in simple sugars related to detection of irradiated food)
supervisor: Prof. Jacek Michalik, Ph.D., D.Sc.
Institute of Nuclear Chemistry and Technology, 31.03.2017

3. Liang Zhao, M.Sc. (INCT Ph.D. student)
Magnetic sorbent for the removal of cesium from aqueous solutions
supervisor: Prof. Andrzej G. Chmielewski, Ph.D., D.Sc.
Institute of Nuclear Chemistry and Technology, 31.03.2017

4. Łukasz Steczek, M.Sc. (Co-tutelle, INCT Ph.D. student)
Complexation of actinides Am(III), Th(IV), Pu(IV) and U(VI) with poly-N-dentate ligands SO3-Ph-BTP 
and SO3-Ph-BTBP
supervisors: Philippe Moisy, Ph.D., Prof. Jerzy Ostyk-Narbutt, Ph.D., D.Sc.
Institute of Nuclear Chemistry and Technology, 5.07.2017 

5. Katarzyna Łuczyńska, M.Sc. (Institute of Nuclear Chemistry and Technology, Warszawa, Poland)
Synthesis and complementary structural spectroscopy study of selected organic complexes of donor-ac-
ceptor type
supervisor: Prof. Jan Cz. Dobrowolski, Ph.D., D.Sc.
Institute of Nuclear Chemistry and Technology, 15.12.2017

6. Ewa Anna Zwolińska, M.Sc. (Institute of Nuclear Chemistry and Technology)
The removal of NOx and SO2 from exhaust gases using a hybrid electron beam method
supervisor: Yongxia Sun, Ph.D., D.Sc., professor in INCT
Institute of Nuclear Chemistry and Technology, 15.12.2017

D.Sc. THESES

1. Marek Danilczuk, Ph.D. (Institute of Nuclear Chemistry and Technology, Warszawa, Poland)
Badania spektroskopowe membran jonowymiennych stosowanych w ogniwach paliwowych (Spectro-
scopic studies of ion exchange membranes for fuel cells applications)
Institute of Nuclear Chemistry and Technology, 15.12.2017
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Ph.D. PROGRAMME IN CHEMISTRY

The Institute of Nuclear Chemistry and Technology (INCT) holds a four-year Ph.D. degree programme 
for graduates of chemical, physical and biological departments of universities, for graduates of medical 
universities and to engineers in chemical technology and material science.

The main areas of the studies are: 
• chemical aspects of nuclear energy,
• radiation chemistry and biochemistry, 
• chemistry of radioelements, 
• isotopic effects, 
• radiopharmaceutical chemistry, 
• analytical methods, 
• chemistry of radicals, 
• application of nuclear methods in chemical and environmental research, material science and pro-

tection of historical heritage.
The candidates can apply for a doctoral scholarship. The INCT offers accommodation in 10 rooms 

in the guesthouse for Ph.D. students not living in Warsaw. 
During the four-year Ph.D. programme, the students participate in lectures given by senior staff 

from the INCT, University of Warsaw and the Polish Academy of Sciences. In the third year, the Ph.D. 
students are obliged to prepare a seminar related to the various aspects of nuclear energy. Each year 
the Ph.D. students are obliged to deliver a lecture on topic of his/her dissertation at a seminar. The 
fi nal requirements for the Ph.D. programme graduates, consistent with the regulation of the Ministry 
of Science and Higher Education, are: 
• submission of a formal dissertation, summarizing original research contributions suitable for publi-

cation;
• fi nal examination and public defence of the dissertation thesis. 

In 2017, the following lecture series and lectures were organized:
• Selected problems in nanomaterials chemistry – Prof. Adam Proń, Ph.D., D.Sc. (Warsaw University 

of Technology, Faculty of Chemistry, Poland);
• Drug chemistry – Piotr Jakub Lipiński, Ph.D. (Mossakowski Medical Research Centre, Polish 

Academy of Sciences, Warszawa, Poland);
• Radioactive waste – Prof. Grażyna Zakrzewska-Kołtuniewicz, Ph.D., D.Sc. (Institute of Nuclear 

Chemistry and Technology, Warszawa, Poland); 
• (1) Spent fuel: reprocessing vs. direct disposal; characterization, inventory verifi cation and disposal. 

The reasoning for the CHANCE project WP4; (2) Calorimetric characterization of rad-waste and 
the reasoning for the CHANCE project, WP3 – Prof. Holger Tietze-Jaensch (Forschungszentrum 
Jülich, Germany).
The qualifi cation interview for the Ph.D. programme takes place in the mid of September. Detailed 

information can be obtained from: 
• head: Prof. Aleksander Bilewicz, Ph.D., D.Sc. 

(phone: +48 22 504 13 57, e-mail: A.Bilewicz@ichtj.waw.pl); 
• secretary: Ewa Gniazdowska, Ph.D., D.Sc., professor in INCT 

(phone: +48 22 504 11 78, e-mail: E.Gniazdowska@ichtj.waw.pl).

TRAINING OF STUDENTS

Institution Country Number 
of participants Period

Gdańsk University of Technology, 
Faculty of Applied Physics and Mathematics Poland 1 5 months

International Atomic Energy Agency Myanmar 1 1 week
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MASTER’S, BACHELOR’S AND ENGINEER’S THESES

1. Emilia Balcer
Master’s thesis: Synteza i badanie właściwości fi zykochemicznych 68Ga-NODA-GA-Tocilizumab jako 
potencjalnego radiofarmaceutyku do diagnostyki reumatoidalnego zapalenia stawów (Synthesis and 
physicochemical properties of the 68Ga-NODA-GA-Tocilizumab, a potential radiopharmaceutical for the 
diagnosis of rheumatoid arthritis)
supervisors: Przemysław Koźmiński, Ph.D., Michał Grdeń, Ph.D., D.Sc.
University of Warsaw, Faculty of Chemistry 

2. Marta Jolanta Kania
Engineer’s thesis: Badanie wpływu parametrów procesowych na efektywność adsorpcji radionuklidów 
134Cs i 60Co z roztworów wodnych przez sorbent SiEA-KNiFe (Investigation of infl uence of operating 
parameters on effectiveness of adsorption process of radionuclides 134Cs and 60Co in water solutions us-
ing SiEA-KNiFe)
supervisors: Marek Henczka, Ph.D., D.Sc., WUT professor
supervisor in INCT: Dagmara Chmielewska-Śmietanko, M.Sc.
Warsaw University of Technology, Faculty of Chemical and Process Engineering

3. Aneta Piasecka
Master’s thesis: Trikarbonylkowe kompleksy technetu(I) i renu(I) z ligandami bidentnymi (Tricarbonyl 
technetium(I) and rhenium(I) complexes with bidentate ligands)
supervisors: Maciej Mazur, Ph.D., D.Sc., Monika Łyczko, Ph.D.
University of Warsaw, Faculty of Chemistry 

4. Magdalena Rodak
Master’s thesis: Nanociało HER2 znakowane 177Lu jako potencjalny radiofarmaceutyk terapeutyczny 
(177Lu labelled HER2 nanobody as a potential therapeutic radiopharmaceutical)
supervisors: Maciej Jan Kamiński, Ph.D., D.Sc., Marek Pruszyński, Ph.D.
University of Warsaw, Faculty of Physics 

Institution Country Number 
of participants Period

International Atomic Energy Agency Myanmar 1 2 months

University of Gdańsk, Faculty of Chemistry Poland 1 1 month

Military University of Technology Poland
1 1 month

1 1.5 months

University of Warsaw, Faculty of Chemistry Poland

1 2 weeks

1 2.5 weeks

3 3 weeks

2 1 month

2 1.5 months

University of Warsaw, Faculty of Physics Poland
1 2 months

1 6 months

Warsaw University of Life Sciences – SGGW Poland 2 1 month

Warsaw University of Technology, 
Faculty of Chemical and Process Engineering Poland

1 1 month

1 1 year

Warsaw University of Technology, Faculty of Chemistry Poland

2 3.5 weeks

1 3 weeks

2 1 month

1 1 year

Warsaw University of Technology, Faculty of Physics Poland 24 one-day course
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5. Ilona Ściśniak
Master’s thesis: Analiza ekspresji genów związanych z odpowiedzią na uszkodzenia DNA jako potencjal-
ny biomarker wrażliwości komórek na promieniowanie (Analysis of gene expression related to DNA 
damage response as a potential biomarker of intrinsic radiosensitivity) 
supervisors: Beata Brzozowska, Ph.D., Kamil Brzóska, Ph.D.
University of Warsaw, Faculty of Physics 

6. Piotr Żmijewski 
Engineer’s thesis: Badanie kinetyki procesu adsorpcji radionuklidów 134Cs i 60Co z roztworów wodnych 
przez sorbent SiEA-KNiFe (Investigaton of kinetics of adsorption process of radionuclides 134Cs and 
60Co from aqueous solution onto SiEA-KNiFe sorbent)
supervisor: Marek Henczka, Ph.D., D.Sc., WUT professor
supervisor in INCT: Dagmara Chmielewska-Śmietanko, M.Sc.
Warsaw University of Technology, Faculty of Chemical and Process Engineering
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RESEARCH PROJECTS AND CONTRACTS

RESEARCH PROJECTS GRANTED 
BY THE NATIONAL SCIENCE CENTRE 

IN 2017

1. Chiral cores/monomers of drugs and conducting polymers: from calculations to experimental charac-
teristics.
supervisor: Prof. Jan Cz. Dobrowolski, Ph.D., D.Sc.

2. Nanobodies labelled with alpha emitters as potential radiopharmaceuticals in targeted radioimmuno-
theraphy.
supervisor: Marek Pruszyński, Ph.D.

3. Nanoparticles of gold, gold-gold sulphide and titanium dioxide modifi ed with tellurium as carriers for 
At-211 for targeted alpha theraphy.
supervisor: Prof. Aleksander Bilewicz, Ph.D., D.Sc.

4. Studies on the phenomena occurring in the membrane boundary layer during the fi ltration of aqueous 
solutions and suspensions proceeding in membrane apparatuses with different confi gurations.
supervisor: Agnieszka Miśkiewicz, Ph.D.

5. The infl uence of nanoparticles on beta-amyloid removal by microglia cells.
supervisor: Katarzyna Sikorska, M.Sc.

6. Impact of nanoparticles on cellular signalling activated by tumour necrosis factor.
supervisor: Kamil Brzóska, Ph.D.

7. Analytical, kinetic and toxicological study of degradation selected perfl uorinated compounds using 
ionizing radiation.
supervisor: Prof. Marek Trojanowicz, Ph.D., D.Sc.

8. New analytical procedures based on neutron activation analysis for the determination of chosen Se, 
As and Fe chemical formulae in infant alimentation.
supervisor: Halina Polkowska-Motrenko, Ph.D., D.Sc., professor in INCT

9. Radiation-induced radical processes involving amino acids and quinoxalin-2-one derivatives relevant 
to their pharmacological applications.
supervisor: Konrad Skotnicki, M.Sc.

10. Bioconjugates of multimodal nanoparticles for targeted alpha and hyperthermia therapy. Synthesis, 
retention studies of recoiling daughters radionuclides and preliminary cell.
supervisor: Edyta Cędrowska, M.Sc.

11. In vitro and in vivo preclinical studies of NaA nanozeolite funcionalized with antibodies anti-PSMA 
and labelled with radium radioisotope for targeted prostate cancer therapy.
supervisor: Prof. Anna Lankoff, Ph.D., D.Sc.

12. In vitro studies of NaA nanozeolite functionalized with integrins inhibitor – cilengitide and labelled 
with radium radioisotope for targeted breast cancer therapy.
supervisor: Sylwia Męczyńska-Wielgosz, Ph.D.

13. Studies on cefepime labelling with Ga-68.
supervisor: Przemysław Koźmiński, Ph.D.

14. Nanostructured lipidic liquid-cystalline carriers for chemotherapeutics and corpuscular radiation 
emitters in targeted cancer therapy.
supervisor: Agnieszka Majkowska-Pilip, Ph.D.

15. Radiopharmaceuticals based on neurokinin-1 receptor antagonists for the diagnosis and therapy of 
brain tumour-glioblastoma multiforme.
supervisor: Ewa Gniazdowska, Ph.D., D.Sc., professor in INCT
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IAEA RESEARCH CONTRACTS IN 2017

1. Based on starch-PVA system and cellulose reinforced active packaging materials for food prepared 
using of radiation modifi cation (PackRad).
No. 17493
principal investigator: Krystyna Cieśla, Ph.D., D.Sc., professor in INCT.

2. The study of the infl uence of the environmental factors on the isotopic compositions of dairy prod-
ucts.
No. 18056
principal investigator: Ryszard Wierzchnicki, Ph.D.

3. Application of advanced membrane systems in nuclear desalination.
No. 18539
principal investigator: Prof. Grażyna Zakrzewska-Kołtuniewicz, Ph.D., D.Sc.

4. Studying the social and socio-economic effects of the iomplementation of the Polish nuclear programme 
using new methodology.
No. 18541
principal investigator: Agnieszka Miśkiewicz, Ph.D.

5. Application of low energy electron beam for microbiological control of food and agricultural prod-
ucts.
No. 19000
principal investigator: Urszula Gryczka, M.Sc.

6. Radiometric methods applied in hydrometallurgical processes development and optimization.
No. 18945
principal investigator: Prof. Andrzej G. Chmielewski, Ph.D., D.Sc.

7. Silicide/silicate coatings on zirconium alloys for improving the high temperature corrosion resist-
ance.
No. 19026
principal investigator: Bożena Sartowska, Ph.D.

8. Recovery of uranium and accompanying metals from various types of industrial wastes.
No. 18542
principal investigator: Katarzyna Kiegiel, Ph.D.

PROJECTS GRANTED 
BY THE NATIONAL CENTRE FOR RESEARCH AND DEVELOPMENT  

IN 2017

1. Plasma technology to remove NOx from off-gases. 
(common undertaking of the National Science Centre, and the National Centre for Research and Develop-
ment “TANGO2”)
supervisor: Prof. Andrzej G. Chmielewski, Ph.D., D.Sc.

2. The integrated system of sewage treatment, biogas production and its enrichment in the methane.
supervisor: Jacek Palige, Ph.D.

3. Syntheses of radiopharmaceuticals based on scandium radionuclides for positron emission tomography 
(Petscand).
supervisor: Prof. Aleksander Bilewicz, Ph.D., D.Sc.

4. The development of innovative advanced therapy with use of a biological dressing of the human race in 
the treatment of epidermolysis bullosa and other chronic wounds (STRATEGMED).
supervisor: Zbigniew Zimek, Ph.D.

16. 6xS for chiral semiconducting naphtalene diimides: synthesis, simulations, structure, spectroscopy, 
spectroelectrochemistry, sensors.
supervisor: Prof. Jan Cz. Dobrowolski, Ph.D., D.Sc.
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PROJECTS WITHIN THE FRAME 
OF EUROPEAN UNION PROGRAMME HORIZON 2020 

1. Accelerator research and innovation for European science and society (ARIES).
GA 730871
principal investigator: Prof. Andrzej G. Chmielewski, Ph.D., D.Sc.

2. Characterization of conditioned nuclear waste for its safe disposal in Europe (CHANCE).
GA 755371
principal investigator: Prof. Grażyna Zakrzewska-Kołtuniewicz, Ph.D., D.Sc.

3. GEN IV integrated oxide fuels recycling strategies (GENIORS).
GA 755171
principal investigator: Prof. Jerzy Narbutt, Ph.D., D.Sc.

4. European tools and methodologies for an effi cient ageing management of nuclear power plant cables 
(TeamCABLES).
GA 755187
principal investigator: Grażyna Przybytniak, Ph.D., D.Sc., professor in INCT

OTHER INTERNATIONAL RESEARCH PROGRAMMES IN 2017

1. Nanostructured porous materials with tailored properties (with Joint Institute for Nuclear Research, 
Dubna, Russia).
Contract No. 04-4-1131-2017/2021
supervisor: Bożena Sartowska, Ph.D.

2. Studies on oxidation resistance in water and on radiation resistance of zirconium silicide coatings on 
zirconium alloys (with Joint Institute for Nuclear Research, Dubna, Russia).
Contract No. 04-5-1131-2017/2021
supervisor: Wojciech Starosta, Ph.D.

3. New nanocomposite sorbent for different radionuclides removal (with Joint Institute for Nuclear Re-
search, Dubna, Russia).
Contract No. 04-4-1131-2017/2021
supervisor: Dagmara Chmielewska-Śmietanko, M.Sc.

4. Measurement of the depth profi ling of the cesium atom on the surface of the adsorbent for its recovery 
from the spent nuclear waste by time-of-fl ight elastic recoil detection analysis (TOF-ERDA).
No. 20152054 (Central European Research Infrastructure Consortium project)
supervisor: Danuta Wawszczak, Ph.D.

9. Electron beam for preservation of biodeteriorated cultural heritage paper-based objects.
No. 18493
supervisor: Dagmara Chmielewska-Śmietanko, M.Sc.

10. Synthesis of 50 g synthesized nanotracer material by sol-gel process including a detailed report with 
the methodology and characterization of the material.
No. 201506067-VG
supervisor: Tomasz Smoliński, M.Sc.

11. New cyclotron method for 47Sc production and conjugation of 47Sc to monoclonal antibodies.
No. 20488
supervisor: Prof. Aleksander Bilewicz, Ph.D., D.Sc.

12. Cyclic 99mTc isolation from the gamma irradiated 100Mo target.
No. 22521
supervisor: Przemysław Koźmiński, Ph.D.
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ERASMUS+ PROGRAMME

1. Joint innovative training and teaching/learning program in enhancing development and transfer 
knowledge of application of ionizing radiation in materials processing.
No. 2014-1-PL01-KA203-003611

2. Mobility for learners and staff higher education student and staff mobility.
Key action 103

3. Inter-institutional agreement 2015-2017 between institutions from programme and partner countries 
(China).
Key action 107

4. Inter-institutional agreement 2017-2019 between institutions from programme and partner countries 
(USA).
Key action 107

ANALYSES FOR THE MINISTRY OF ENERGY

1. Analysis “Treatment of nuclear waste and burnt nuclear fuel in Poland – present situation and perspec-
tives”.
Contract No. 156/II/P/15004/4390/17/DEJ-244/062/2017 (together with ZUOP Radioactive Waste 
Management Plant) 

2. Analysis of non-nuclear applications of ionizing radiation and recommendations for domestic industrial 
companies.
Contract No. 149/II/15004/4390/17/DEJ
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LIST OF VISITORS TO THE INCT IN 2017

1. D’Angelantonio Mila, Institute of Polymers, Composites and Biomaterials (IPCB), National Research 
Council (CNR), Bologna, Italy, 18-22.04.2017 

2. Dzeba Iwa, Ruđer Bošković Institute, Zagreb, Croatia, 26.03-01.04.2017

3. Gryzłov Anatoly, TORIJ, Russia, 13-22.03.2017

4. Günal Aytaç, Anadolu University, Turkey, 24.07-29.09.2017

5. Kyaw Myat, International Atomic Energy Agency, Myanmar, 31.05-1.08.2017

6. Nadarayah Manivannan, Brunel University London, the United Kingdom, 14-15.03.2017

7. Orelovitch Oleg, Joint Institute for Nuclear Research, Dubna, Russia, 4-10.09.2017, 13-16.09.2017

8. Pesnekhonov Vladimir, Przedsiębiorstwo Naukowo-Produkcyjne TORIJ, Russia, 13-22.03.2017

9. Pillai Surech D., Texas A&M University/Texas A&M AgriLife Research, Texas, USA, 26-30.06.2017

10. Tietze-Jaensch Holger, Forschungszentrum, Jülich, Germany, 13-14.12.2017

11. Wamadera Balachandran, Brunel University London, the United Kingdom, 14-15.03.2017

12. Zaw Min Min, International Atomic Energy Agency, Myanmar, 17-25.06.2017
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THE INCT SEMINARS IN 2017

1. Marek Danilczuk, Ph.D. (Institute of Nuclear Chemistry and Technology, Warszawa, Poland; Bowling 
Green State University, Ohio, USA)
Badania spektroskopowe membran jonowymiennych stosowanych w ogniwach paliwowych (Spectro-
scopic studies of ion exchange membranes for fuel cells applications)

2. Łucja Dziawer, M.Sc. (Institute of Nuclear Chemistry and Technology, Warszawa, Poland)
Biokoniugaty nanocząstek złota jako nośniki 211At w celowanej terapii promieniowaniem alfa (Biocon-
jugates of gold nanoparticles as 211At carriers for targeted alpha therapy)

3. Ireneusz Janik, Ph.D. (Notre Dame Radiation Laboratory, University of Notre Dame, USA)
Termochemia wiązań połowicznych i jej związek z mechanizmem przekształceń wolnorodnikowych 
(Thermochemistry of odd-electron bonds in relation to free radical transformation)

4. Prof. Anna Lankoff, Ph.D., D.Sc. (Institute of Nuclear Chemistry and Technology, Warszawa, Poland)
Biopaliwa I i II generacji – korzyści i zagrożenia (First and second generation biofuels – adavantages 
and disadavantages)

5. Prof. Janusz Lipkowski, Ph.D., D.Sc. (Cardinal Stefan Wyszyński University in Warsaw, Poland)
Chemia supramolekularna – w pół wieku od prapoczątków (Supramolecular chemistry – half a century 
from the origin)

6. Nadarajah Manivannan, Ph.D. (Brunel University London, London, the United Kingdom)
Non-thermal plasma technologies for the marine diesel engine exhaust emission control

7. Andrzej Pawlukojć, Ph.D., D.Sc., professor in INCT (Institute of Nuclear Chemistry and Technology, 
Warszawa, Poland; Joint Institute for Nuclear Research, Dubna, Russia)
Zastosowanie neutronowej spektroskopii oscylacyjnej do badania oddziaływań w ciele stałym (Appli-
cation of the neutron oscillation spectroscopy in the studies of interaction in solid state) 

8. Prof. Suresh D. Pillai (College of Agriculture & Life Sciences, Texas A&M University/Texas A&M 
AgriLife Research, Texas, USA)
The status of electron beam irradiation technology in N. America and the role the National Center for 
Electron Beam Research plays in commercializing the technology

9. Prof. Suresh D. Pillai (College of Agriculture & Life Sciences, Texas A&M University/Texas A&M 
AgriLife Research, Texas, USA)
The research and outreach program at the National Center for Electron Beam Research as it relates to 
environmental quality

10. Prof. Suresh D. Pillai (College of Agriculture & Life Sciences, Texas A&M University/Texas A&M 
AgriLife Research, Texas, USA)
The research and outreach program at the National Center for Electron Beam Research as it relates to 
foods

11. Prof. Suresh D. Pillai (College of Agriculture & Life Sciences, Texas A&M University/Texas A&M 
AgriLife Research, Texas, USA)
The research and outreach program at the National Center for Electron Beam Research as it relates to 
vaccines, advanced materials including packaging materials

12. Rafał Walczak, M.Sc. (Institute of Nuclear Chemistry and Technology, Warszawa, Poland)
Radionuklidy skandu dla radiofarmaceutyków teranostycznych (Scandium radionuclides for teranostic 
radiopharmaceuticals)

13. Iga Zuba, M.Sc. (Institute of Nuclear Chemistry and Technology, Warszawa, Poland)
Podstawowa procedura oznaczania chromu metodą radiochemicznej neutronowej analizy aktywacyjnej 
(RNAA) i jej zastosowanie w procesie certyfi kacji materiałów odniesienia dla nieorganicznej analizy 
śladowej (Primary procedure for the determination of chromium by radiochemical neutron activation 
analysis (RNAA) and its application in certifi cation of reference materials for inorganic trace analysis)
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LECTURES AND SEMINARS DELIVERED OUT OF THE INCT
 IN 2017

LECTURES

1. Bobrowski K. 
Chemia radiacyjna cieczy (Radiation chemistry of liquids).
Dissemination of the textbook “Applications of ionizing radiation in materials processing” in the frame 
of the project entitled “Joint innovative training and teaching/learning program in enhancing develop-
ment and transfer knowledge of application of ionizing radiation in materials processing” of Erasmus+ 
KA2  programme, Warszawa, Poland, 25.05.2017.

2. Brykała M. 
Synteza ziaren ditlenku uranu dotowanych wybranymi pierwiastkami przy zastosowaniu kompleksowej metody 
zol-żel (CSGP) (Synthesis of spherical grains of uranium dioxide doped with different elements by complex sol-gel 
process (CSGP)).
Konferencja naukowa „Polska nukleonika w drugiej dekadzie XXI wieku”, Warszawa, Poland, 27.05.2017.

3. Brykała M., Wawszczak D., Olczak T. 
Sol-gel for radiochemistry and nuclear medicine.
1st Joint CNRS/PAN Workshop: Nuclear Medicine & Radiochemistry, Gif-sur-Yvette, France, 11-12.12.2017.

4. Chmielewski A.G. 
IChTJ – atom dla społeczeństwa (The INCT – atom for society).
Konferencja „Promieniujemy na całą gospodarkę – polski przemysł dla elektrowni jądrowej”, Warszawa, 
Poland, 30.01.2017.

5. Chmielewski A.G.
Hybrid biogas – an electron beam system for electricity and bio-fertilizer production.
EuCARD-2 (Enhanced European Coordination for Accelerator Research and Development) Annual 
Meeting, Glasgow, UK, 28-30.03.2017.

6. Chmielewski A.G. 
Science and education in the nuclear project in Poland.
Seminar “Nuclear energy: educational policy”, Warszawa, Poland, 16.05.2017.

7. Chmielewski A.G. 
Environmental applications of electron accelerators – gaseous pollutants.
Summer School “Application of accelerators for radiation processing”, Warszawa. Poland, 19-23.06.2017.

8. Chmielewski A.G.
Rola chemii radiacyjnej i radiochemii w rozwoju bezpiecznej energetyki jądrowej (The role of radiation 
chemistry and radiochemistry in the development of safe nuclear power).
Jubileuszowa Sesja Naukowa Polskiego Towarzystwa Badań Radiacyjnych im. Marii Skłodowskiej-
-Curie „Promieniowanie w nauce, technologii, medycynie i środowisku naturalnym”, Warszawa, Poland, 
29.06.2017.

9. Chmielewski A.G. 
Fostering industrial development through radiation technology.
International Conference on the IAEA Technical Cooperation Programme: Sixty years and beyond – 
contributing to development, Vienna, Austria, 30.05.-01.06.2017.

10. Chmielewski A.G. 
INCT at ARIES WP3.
ARIES WP3 Kick-off Meeting, Kraków, Poland, 13-14.09.2017.

11. Chmielewski A.G. 
New applications of low energy electron beams.
ARIES WP3 Kick-off Meeting, Kraków, Poland, 13-14.09.2017.
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12. Chmielewski A.G. 
Where we are and we go – Polish case.
RER1017 Regional Meeting on Feasiblity of Radiation Processinf Technologies for Decision Makers, 
Zagreb, Croatia, 23-25.10.2017.

13. Chmielewski A.G. 
Current status and recent information of activities at INCT Collaborating Centre.
IAEA Consultants Meeting on the Evolving Role of the IAEA Collaborating Centers in the Adavance-
ment of Radiation Processing Applications, Vienna, Austria, 27-30.11.2017.

14. Chmielewski A.G. 
Electron beam treatment of marine diesel exhaust gases.
ARIES Meets Industry – accelerator application to the ship exhaust gases treatment, Genevea, Switzer-
land, 1.12.2017.

15. Dziawer Ł., Bilewicz A., Majkowska-Pilip A. 
Gold nanoparticle-trastuzumab conjugate as a carrier for 211At in alpha immunotherapy.
13th Cycleur – European Network of Cyclotron Research Centers – Workshop, Lisbon, Portugal, 
23-24.11.2017.

16. Głuszewski W. 
Maria Skłodowska-Curie prekursorką radiacyjnych metod konserwacji obiektów o znaczeniu historycz-
nym (Maria Skłodowska-Curie – the precursor of radiation conservation of cultural heritage objects).
5. Targi Konserwacji i Restauracji Zabytków oraz Ochrony, Wyposażenia Archiwów, Muzeów i Bibliotek 
DZIEDZICTWO, Warszawa, Poland, 7-9.11.2017.

17. Głuszewski W. 
Skutki oddziaływania promieniowania jonizującego na suplementy diety (Effects of ionizing radiation 
on dietary supplements).
XII Międzynarodowe Forum Suplementów Diety, Warszawa, Poland, 17.11.2017.

18. Kiegiel K., Gajda D., Zakrzewska-Kołtuniewicz G. 
Secondary raw materials as a potential source of uranium and accompying metals.
2nd Research Coordination Meeting of T11006 on Uranium/Thorium Fuelled High Temperature Gas 
Cooled Reactor Applications for Energy Neutral and Sustainable Comprehensive Extraction and Min-
eral Product Development Processes, Vienna, Austria, 3-6.07.2017.

19. Kiegiel K., Zakrzewska-Kołtuniewicz G., Brykała M., Chmielewski A.G.
Research on an advanced fuel cycle on-going at INCT and perspective of fuel management in Poland.
Technical Meeting on Advanced Fuel Cycles to Improve the Sustainability of Nuclear Power through 
the Minimization of High Level Waste, Vienna, Austria, 17-19.10.2017.

20. Polkowska-Motrenko H. 
Neutronowa analiza aktywacyjna – unikalne narzędzie chemii analitycznej (Neutron activation analysis – 
a unique tool of analytical chemistry).
Konferencja Naukowa „Wybrane zagadnienia analizy śladowej” z okazji jubileuszu 60-lecia pracy 
w IBJ-IChTJ prof. dr. hab. Rajmunda S. Dybczyńskiego, Warszawa, Poland, 5.12.2017.

21. Pruszyński M., Walczak R.
Krótki wykład z medycyny nuklearnej (Short lecture on nuclear medicine).
II Akademickie Forum Energii Jądrowej, Kraków, Poland, 17-19.05.2017.

22. Przybytniak G. 
Od nauki do technologii – sieciowanie radiacyjne polimerów (From science to technology – radiation 
crosslinking of polymers).
Dissemination of the textbook “Applications of ionizing radiation in materials processing” in the frame 
of the project entitled “Joint innovative training and teaching/learning program in enhancing develop-
ment and transfer knowledge of application of ionizing radiation in materials processing” of Erasmus+ 
KA2  programme, Warszawa, Poland, 25.05.2017.

23. Samczyński Z. 
Porównania międzylaboratoryjne jako narzędzie w procesie certyfi kacji nowych materiałów odniesie-
nia (Interlaboratory comparisons as a tool in the process of certifi cation of new reference materials).
Panel konferencyjny „Problemy laboratoriów”, Warszawa, Poland, 30.03.2017.

24. Sommer S. 
Wpływ energetyki jądrowej na zdrowie czlowieka (Nulcear energy industry effects on human health).
Ogólnopolska konferencja naukowa “Wyzwania energetyki jądrowej”, Kraków, Poland, 20-21.03.2017.



129LECTURES AND SEMINARS DELIVERED OUT OF THE INCT IN 2017 

25. Sommer S.  
Laboratorim Dozymetrii Biologicznej (Laboratory for Biological Dosimetry).
Konferencja „Cywilne instytuty badawcze wspierają bezpieczeństwo Polski”, Warszawa, Poland, 27.03.2017.

26. Starosta W. 
Radiacyjne przetwórstwo materiałów – nanotechnologie (Radiation processing of materials – nanotech-
nologies).
Dissemination of the textbook “Applications of ionizing radiation in materials processing” in the frame 
of the project entitled “Joint innovative training and teaching/learning program in enhancing develop-
ment and transfer knowledge of application of ionizing radiation in materials processing” of Erasmus+ 
KA2  programme, Warszawa, Poland, 25.05.2017.

27. Sun Y. 
Textbook brief introduction.
Dissemination of the textbook “Applications of ionizing radiation in materials processing” in the frame 
of the project entitled “Joint innovative training and teaching/learning program in enhancing develop-
ment and transfer knowledge of application of ionizing radiation in materials processing” of Erasmus+ 
KA2  programme, Warszawa, Poland, 25.05.2017.

28. Zakrzewska-Kołtuniewicz G.
INCT: capabilities and contribution to the CHANCE project.
CHANCE Kick-Off Meeting, SCK-CEN, Brussels, Belgium, 12-13.06.2017.

29. Zakrzewska-Kołtuniewicz G. 
Membrany w technologiach jądrowych (Membranes in nuclear technologies).
XIV Szkoła Membranowa: Od badań podstawowych do wdrożenia, Wilga, Poland, 22-25.10.2017.

30. Zakrzewska-Kołtuniewicz G., Wołkowicz S.
Uranium resources in Poland – update.
54th Uranium Group Meeting NEA, Paris, France, 15-17.11.2017.

31. Zimek Z. 
Zastosowanie akceleratorów elektronów w przetwórstwie materiałów (Application of electron accel-
erators in materials processing).
Dissemination of the textbook “Applications of ionizing radiation in materials processing” in the frame 
of the project entitled “Joint innovative training and teaching/learning program in enhancing develop-
ment and transfer knowledge of application of ionizing radiation in materials processing” of Erasmus+ 
KA2  programme, Warszawa, Poland, 25.05.2017.

32. Zimek Z. 
Current applications of electron beam accelerators up to 10 MeV..
ARIES WP3 Kick-off Meeting, Kraków, Poland, 13-14.09.2017.

33. Zimek Z. 
Radiacyjne techniki dla przemysłu chemicznego i przetwórczego (Radiation techniques for the chemi-
cal and processing industries).
Konferencja „Chemiczne instytuty badawcze dla rozwoju polskiej gospodarki”, Nadarzyn, Poland, 
14.11.2017.

34. Zuba I., Polkowska-Motrenko H.
Oznaczanie złota w matrycach biologicznych metodą neutronowej analizy aktywacyjnej (NAA) (Deter-
mination of gold in biological matrices by neutron activation analysis (NAA)).
XV Ogólnopolskie Seminarium Doktorantów „Na pograniczu chemii i biologii”, Karpacz, Poland, 
21-24.05.2017.

SEMINARS

1. Brykała Marcin
Reaktory energetyczne (Energy reactors). 
Warsaw University of Technology, Faculty of Chemical and Process Engineering, Warszawa, Poland, 
21.04.2017.

2. Brzóska Kamil
Promieniowrażliwość wewnątrzkomórkowa i jej potencjalne markery (Intrinsic radiosensitivity and its 
potential markers). 
University of Warsaw, Faculty of Physics, Warszawa, Poland, 18.10.2017.
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3. Chmielewski Andrzej G. 
Promieniowanie jonizujące w medycynie, przemyśle i ochronie środowiska – dar naszej Wielkiej Rodacz-
ki dla ludzkości (Ionizing radiation in medicine, industry and environmental protection – gift of Maria 
Skłodowska-Curie for humanity). 
Silesian University of Technology, Faculty of Chemistry, Gliwice, Poland, 10.05.2017.

4. Chmielewski Andrzej G. 
R&D in the fi eld of radioactive waste and spent fuel. 
Ministry of Energy, Warszawa, Poland, 5.10.2017.

5. Gajda Dorota 
Analiza możliwości pozyskiwania uranu dla energetyki jądrowej z zasobów krajowych (Analysis of the 
possibility of uranium supply from domestic resources). 
University of Szczecin, Szczecin, Poland, 11.01.2017.

6. Kołacińska Kamila 
Analiza kosztów i korzyści wdrożenia energetyki jądrowej w Polsce (Cost and benefi t analysis of nuclear 
power energy in Poland). 
SGH Warsaw School of Economics, Collegium of Business Administration, Warszawa, Poland, 3.11.2017.

7. Lankoff Anna 
Nanocząstki jako nośniki radioizotopów w diagnostyce i terapii (Nanoparticles as radioisotope carriers 
for diagnosis and therapy). 
Siedlce University of Natural Sciences and Humanities, Faculty of Sciences, Siedlce, Poland, 20.10.2017.

8. Pruszyński Marek
Nowe metody znakowania przeciwciał monoklonalnych radionuklidami jodu (New methods of mono-
clonal antibodies labelling with iodine radionuclides). 
National Centre for Nuclear Research, Otwock-Świerk, Poland, 29.09.2017.

9. Pruszyński Marek
Nanociała – nowe wektory jako nośniki dla radionuklidów diagnostycznych i terapeutycznych (Nano-
bodies – new vectors for diagnostic and therapeutic radionuclides). 
National Centre for Nuclear Research, Otwock-Świerk, Poland, 18.10.2017.
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1. Synthesis method of radiotracer and a radiotracer
Gold medal with mention at the International Warsaw Invention Show IWIS 2017, Warszawa, Poland, 
9-11.10.2017  
Tomasz Smoliński, Partyk Wojtowicz, Andrzej G. Chmielewski

2. A method of reducing high concentrations of nitrogen oxides present in the exhaust gases from diesel 
engines
Gold medal at the International Warsaw Invention Show IWIS 2017, Warszawa, Poland, 9-11.10.2017  
Andrzej G. Chmielewski, Janusz Licki, Yongxia Sun, Ewa Zwolińska, Zbigniew Zimek, Aleksandra 
Błocka

3. Method and system for the transport and mixing of biomass in hydrolyzer and in the fermenter
Gold medal at the International Warsaw Invention Show IWIS 2017, Warszawa, Poland, 9-11.10.2017  
Adam Kryłowicz, Janusz Usidus, Andrzej G. Chmielewski, Kazimierz Chrzanowski

4. A method for hygienization
Gold medal at the International Warsaw Invention Show IWIS 2017, Warszawa, Poland, 9-11.10.2017  
Andrzej G. Chmielewski, Jacek Palige, Otton Roubinek, Zbigniew Zimek, Urszula Gyczka, Janusz 
Usidus, Krzysztof Pietrzak, Rob Edgecock

5. Method for obtaining diagnostic amounts of 43Sc radionuclide
Gold medal at the International Warsaw Invention Show IWIS 2017, Warszawa, Poland, 9-11.10.2017  
Aleksander Bilewicz, Rafał Walczak, Agnieszka Majkowska-Pilip

6. A process for the preparation of diagnostic amounts of 99mTc radionuclide
Gold medal at the International Warsaw Invention Show IWIS 2017, Warszawa, Poland, 9-11.10.2017  
Aleksander Bilewicz, Magdalena Gumiela

7. Wysokowydajna polska technologia uzyskiwania biometanu z wytwarzaniem nawozu organicznego 
(High effi cient Polish technology of obtaining biomethane with organic fertilizer production)
Gold Laurel of Innovation in the 7th edition of Stanisław Staszic competition for the best innovative prod-
ucts organized by the Polish Federation of Engineering Associations, Warszawa, Poland, 14.11.2017
Institute of Nuclear Chemistry and Technology 

8. A method of reducing high concentrations of nitrogen oxides in the exhaust gases from diesel engines
Bronze medal at the International Trade Fair “Ideas – Inventions – New Products” iENA 2017, Nurem-
berg, Germany, 2-5.11.2017  
Andrzej G. Chmielewski, Janusz Licki, Yongxia Sun, Ewa Zwolińska, Zbigniew Zimek, Aleksandra 
Błocka

9. Andrzej Waksmundzki medal awarded by the Committee of Analytical Chemistry, Polish Academy of 
Sciences for the achievements in chromatography
Marek Trojanowicz 

10. Bioconjugates of gold nanoparticles with trastuzumab labelled with 211At for internal alpha theraphy 
Young Scientist Award for oral presentation at the Wiley Award Session of the 22nd International Sym-
posium on Radiopharmaceutical Sciences, Dresden, Germany, 14-19.05.2017
Łucja Dziawer 

11. Pre-treatment of radioactive waste using destructive processes of organic compounds followed by con-
centration of radionuclides
iia scientifi c award in recognition for contributing to the advancement of the science of ionizing radia-
tion at the NUTECH-2017 International Conference on Developments and Applications of Nuclear 
Technologies, Kraków, Poland, 10-13.09.2017
Dorota Gajda  
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12. Irradiation of wastewater from Solvay process
iia scientifi c award in recognition for contributing to the advancement of the science of ionizing radia-
tion at the NUTECH-2017 International Conference on Developments and Applications of Nuclear 
Technologies, Kraków, Poland, 10-13.09.2017
Marcin Sudlitz  

13. The removal of NOx and SO2 from exhaust gases using a hybrid electron beam method
The fi rst prize in the category of best oral presentation at the NUTECH-2017 International Conference 
on Developments and Applications of Nuclear Technologies, Kraków, Poland, 10-13.09.2017
Ewa Zwolińska  

14. Electron beam for preservation of water-damaged paper
The second prize for the best poster presentation at the NUTECH-2017 International Conference on 
Developments and Applications of Nuclear Technologies, Kraków, Poland, 10-13.09.2017
Marta Wójcik  

15. Uzasadnienie ekonomiczne wdrożenia Programu Polskiej Energetyki Jądrowej (Economical aspects of 
nuclear power programme in Poland)
Second degree award of the Polish Nuclear Society for the best master’s thesis in 2016 concerning 
nuclear sciences
Kamila Kołacińska  

16. Generowanie rodników utleniających i ich reaktywność w wytypowanej grupie cieczy jonowych (Gen-
eration of oxidizing radicals and their reactivity in ionic liquids)
Distinction of the Polish Nuclear Society for the best doctoral thesis in 2016-2017 concerning nuclear 
sciences
Małgorzata Nyga (INCT Ph.D. student)  

17. First degree team award of Director of the Institute of Nuclear Chemistry and Technology in 2017 for 
publications concerning the application of fl ow measurements and modern nanotechnology to improve 
methods of chemical analysis
Marek Trojanowicz, Kamila Kołacińska

18. Second degree team award of Director of the Institute of Nuclear Chemistry and Technology in 2017 
for a series of original scientifi c publications concerning the fuel cycle and the search for alternative 
sources of fi ssile materials
Grażyna Zakrzewska-Kołtuniewicz, Katarzyna Kiegiel, Agnieszka Miśkiewicz, Dorota Gajda, Ewelina 
Chajduk

19. Second degree team award of Director of the Institute of Nuclear Chemistry and Technology in 2017 
for publications on the current problems of air pollution, presenting the practical solutions for reduc-
tion of sulphur and nitrogen oxides emissions in the air
Andrzej G. Chmielewski, Yongxia Sun, Ewa Zwolińska

20. Third degree team award of Director of the Institute of Nuclear Chemistry and Technology in 2017 for 
two publications on cable aging processes in nuclear power plants
Grażyna Przybytniak, Jacek Boguski 

21. First degree team award of Director of the Institute of Nuclear Chemistry and Technology in 2017 for 
the application achievements in 2015-2016 – Technetium-99m labelled antibiotics for healing bacterial 
infections
Ewa Gniazdowska, Przemysław Koźmiński

22. Second degree team award of Director of the Institute of Nuclear Chemistry and Technology in 2017 
for the application achievements in 2015-2016 – Analytical procedures for radionuclides and heavy 
metals in inorganic fertilizers
Halina Polkowska-Motrenko, Ewelina Chajduk, Jakub Dudek, Zbigniew Samczyński, Paweł Kalbar-
czyk, Iga Zuba

23. Distinction of the fi rst degree of Director of the Institute of Nuclear Chemistry and Technology in 2017 
for the achieved progress in the preparation of Ph.D. thesis and professional activity
Paweł Halik

24. Distinction of the second degree of Director of the Institute of Nuclear Chemistry and Technology in 
2017 for the achieved progress in the preparation of Ph.D. thesis and professional activity,
Weronika Gawęda
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25. Distinction of the second degree of Director of the Institute of Nuclear Chemistry and Technology in 
2017 for the achieved progress in the preparation of Ph.D. thesis and professional activity, including 
published articles
Kamila Kołacińska

26. Distinction of the second degree of Director of the Institute of Nuclear Chemistry and Technology in 
2017 for the achieved progress in the preparation of Ph.D. thesis and professional activity
Rafał Walczak

27. Award of Director of the Institute of Nuclear Chemistry and Technology in 2017 for the activity in 
events promoting science, among others, Science Festival, Night of Museums
Marcela Grabowska

28. Award of Director of the Institute of Nuclear Chemistry and Technology in 2017 for the activity in 
events promoting science, among others, Science Festival, Night of Museums
Marcin Sudlitz

29. Award of Director of the Institute of Nuclear Chemistry and Technology in 2017 for the activity in 
events promoting science, among others, Science Festival, Night of Museums
Ewa Zwolińska

30. Distinction of Director of the Institute of Nuclear Chemistry and Technology for outstanding achieve-
ments in the fi eld of scientifi c publications
Marek Trojanowicz 
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