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EVALUATION AND STANDARDISATION OF FAST ANALYTICAL TECNIQUES
FOR DESTRUCTIVE RADWASTE CONTROL

RIASSUNTO
Questo documento riporta il lavoro realizzato dal Laboratorio Nazionale per la
Caratterizzazione dei Rifiuti Radioattivi, nell'ambito del progetto di ricerca Europeo sulle
tecniche di misura distruttive per rifiuti radioattivi. Il lavoro era finalizzato sia alla
valutazione di nuove procedure veloci per la preparazione dei campioni da analizzare sia
allo sviluppo di metodi Cromatografici accoppiati alla rivelazione di radionuclidi mediante
Conteggio a Scintillazione Liquida. La sperimentazione della Cromatografia Ionica ad
elevata risoluzione (HPIC) e del Conteggio a Scintillazione Liquida (LSC) su soluzioni ad
elevato contenuto salino, è stata eseguita utilizzando una soluzione sintetica di cemento
contenente alcuni ß-emettitori che sono difficilmente rivelabili mediante tecniche di misura
non-distruttive, insieme con altri radionuclidi importanti per la definizione dell'inventario
radiologico nei rifiuti radioattivi. Dato che il lavoro richiedeva la manipolazione di
soluzioni radioattive, è stato progettato e realizzato un ambiente remoto in cui collocare
l'apparato HPIC-LSC, in modo da operare in condizioni di sicurezza. Secondo quanto
stabilito dal programma di ricerca, sono stati sviluppati e qualificati metodi analitici veloci
per la separazione chimica e contemporanea rivelazione radiochimica degli elementi
radioattivi di interesse. Dai risultati ottenuti, sono stati definiti alcuni protocolli di analisi
che descrivono le condizioni operative dell'apparato HPIC-LSC, il loro campo di
applicabilità, i limiti di rilevabilità chimici e radiochimici.

PAROLE CHIAVE: rifiuto radioattivo, caratterizzazione, cromatografìa ionica,
scintillazione liquida

ABSTRACT
The document describes the work programme carried out by the Laboratorio Nazionale per
la Caratterizzazione dei Rifiuti Radioattivi, in the frame of the European research project
"Destructive Radwaste Control". The main tasks of the research work were the evaluation
of fast sample pre-treatment procedures and the development of Chromatographie methods
coupled to fast nuclide detection by Liquid Scintillation Counting. In order to test the High
Performance Ion Chromatograph (HPIC) coupled to the Liquid Scintillation Counter (LSC)
on high salt content solutions, synthetic cement solutions have been prepared and spiked
with several ß-emitters hard to be measured with non-destructive analyses, along with
other radionuclides important for the determination of the radiological inventory in
radwastes. As the validation tests for the new analytical methods involved the manipulation
of radioactive solutions, a remote area for HPIC-LSC apparatus has been designed and
performed, in order to operate in safe conditions. According to the research programme,
fast analytical methods for the chemical separation and radionuclide detection of the
radioactive elements of interest, have been developed and qualified. From the results of the
work, some protocols of analysis have been defined: they contain all information about
operative conditions for HPIC-LSC apparatus, field of applicability, chemical and
radioactive detection limits.

KEY WORDS: radioactive waste, characterisation, ion chromatography, liquid
scintillation counting
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INTRODUCTION

Like all complex industrial activities, the generation of nuclear power for electricity or for
research purposes, necessarily results in the formation of waste materials. The nature of waste
generated at each stage in the nuclear fuel cycle varies considerably and each waste has to be
managed in an appropriate way to ensure effective protection of the human environment and
to minimise hazards on future generations.
Most of the radioactivity in the nuclear fuel cycle is handled at the reprocessing phase and
consequently the most significant wastes arise from reprocessing operations. The wastes
arising from spent fuel reprocessing, contain such amounts of long half-life radionuclides that
they must be contained and isolated from the biosphere for substantial periods of time (from
hundreds up to million of years).
Another category of waste comes from decommissioning of nuclear installations. Many
materials coming from decommissioning activities can be treated as non-radioactive industrial
wastes, because of their very low content of activity: this kind of waste can be discharged to
the environment and it does not constitute a problem. But decommissioning activities also
result in the production of low, intermediate and high activity wastes, most of them containing
neutron activation products (60Co, 55Fe, 63Ni, 94Nb, 152Eu, etc.), fission products and Actinides
(Uranium and transuranic elements).
Quality controls in the frame of a Quality Assurance programme are necessary. In the field of
radioactive waste management, Quality Assurance is a series of planned and systematic
actions aimed to ensure the applications of principles and criteria in terms derived from the
consideration of human safety. Quality controls are carried out in every step of radioactive
waste management: from the point at which the waste arises up, to its ultimate disposal. The
specifications and acceptance criteria that conditioned waste has to meet, are defined by
regulatory and management authorities, and they vary according to the type of waste and
waste form. Furthermore, the isolation of radioactive wastes depends on the performance of
the waste disposal system as a whole. A number of processes for solidification of liquid
wastes are currently developed and it is generally agreed that wastes are immobilised by
conversion to a monolithic solid with verified characteristics, suitable for greater safety during
interim storage, transport and disposal.
For these reasons, the exact knowledge of the radionuclide inventory is one of the main
objectives of a safe nuclear waste management, because it permits a correct categorisation of
the radioactive waste. The radioactive or toxic hazardous constituents of the wastes, as well as
their mechanical, physical and chemical stability and properties, represent critical parameters
in compliance with the regulations for the conditioned waste disposal site.
The detection of the above mentioned properties can be performed by: Non-Destructive
Analyses (NDA), Sampling, Destructive Analyses (DA).
The first kind of test is usually carried out on a complete waste package and it permits to
achieve information about its mechanical and physical properties. Also the detection of strong
y-emitters such as 60Co and 137Cs can be achieved by means of y-scanning and tomographic
measurements. NDA are performed in order to avoid secondary waste production and
repackaging. However, when in the waste package there are pure a- and p-emitting nuclides,
or y-emitters in the low energy range, non-destructive analysis is not sufficient for a complete
characterisation of the waste, so sampling and destructive analysis are necessary.



This is the case of a particular group of long half-life (3-emitters, known as HTMR (Hard To
Measure Radionuclides) containing principally fission products such as 151Sm, 94Nb, 93Zr and
several activation products such as 55Fe, 59/63Ni and 54Mn.
Important properties of the waste can be achieved by means of sampling. The waste may be
characterised by statistical evaluation of test results obtained for different samples or by
testing of one or several representative samples. Obtaining a sample that can be used to
represent the composition and the properties of the final product, is not always straight-
forward and requires careful considerations of the properties which are being examined. In
addition to the difficulties of obtaining representative samples, both sensitivity of the chemical
and radiochemical analysis and the separation methods are often insufficient to provide
measured data consistent with the requirements. In particular, concentration of such long-lived
radionuclides as "Tc or 129J, can hardly be measured at the required level. The benefits of the
information gained by sampling must be balanced against the radiological hazards resulting
from this kind of test. Sampling is not possible in the case of finished or intermediate products
from which analytical samples cannot be taken without destroying a valuable manufactured
item, or in the case of very heterogeneous materials from which representative samples cannot
be taken.

For these reasons, the application of destructive analytical methods, based on a pre-treatment
of the sample, is necessary. During the preparation of the sample, interference between
nuclides and matrix effects can be eliminated. However, destructive measurements based on
traditional analytical methods, include many and often rather complicated radiochemical
procedures that result in a very long time consuming manual work accompanied with a dose
risk for the workers. It is so necessary to evaluate faster and selective methods, in order to
reduce the time necessary for sample preparation and to process many samples per week with
high accuracy.
New fast analytical techniques could permit the sample to be measured in as few steps as
possible, and could reduce to a minimum the exposure time for the personnel.
In this frame, the European Commission proposed the research project "Evaluation and
Standardisation of Fast Analytical Techniques for Destructive Radwaste Control". The
research programme aimed to the evaluation of fast wet chemical laboratory techniques for
routine analysis in comparative tests on standards and genuine radioactive waste of various
compositions. Other European Laboratories took part to this project: Antwerpen University
and Joint Research IRMM (B), Innsbruck University (A), Julich Research Centre FZ-
ISR/PKS (D) and ENEA with the Laboratorio Nazionale per la Caratterizzazione dei Rifiuti
Radioattivi (I).
In detail, the project comprised the evaluation of fast pre-treatment techniques of samples and
fast separation of radionuclides as well as the fast detection of radionuclides either in
solutions or in solids.
The work programme carried out by the Laboratorio Nazionale per la Caratterizzazione dei
Rifiuti Radioattivi, has focused on the following tasks:
• evaluation of faster pre-treatment procedures, for primary and conditioned wastes (raw

technological wastes and cements)
• development of Chromatographic methods coupled to fast nuclide detection by Liquid

Scintillation Counting
• validation of the new fast analytical methods on standard solutions as well as on real

radioactive wastes.



1 SAMPLE PRE-TREATMENT PROCEDURES

Dissolution procedures for raw technological wastes (e.g. paper, plastic, gloves, organic
materials, etc) and cements containing LLW, have been investigated.
• Digestion in nitric acid and hydrogen peroxide, under reflux conditions, of radionuclides

contained in LLSW coming from MTR and CANDU fuels reprocessing, has been
performed in order to analyse U, Pu (alpha and beta), 90Sr, 24IAm, 242'244Cm , 99Tc and
137Cs content.

• Dissolution of cemented wastes with 38% HC1 and a 1:1 mixture of 65% HNO3 and 50%
HBF4 (in order to avoid gel formation) has been performed. Only negligible parts of the
solid product remained undissolved. Samples of cemented wastes could be decomposed in
a MILESTONE 1200 microwave oven, within 20 minutes, leading to clear and stable
solutions.

The radionuclide inventory of the resulting solutions has been then determined by a- and y-
spectrometry and Liquid-Scintillation Counting (LSC).
But since mostly complex mixtures of a-, p-, y-emitting nuclides were present in the solutions
and caused interference of nuclear spectra, chemical separations had to be performed prior to
the application of a counting technique.
The analysis of Technetium, the measurement of Uranium and tetravalent Actinides, and the
separation of Americium from Lanthanides have been performed by means of extraction
chromatograpbic materials. Extraction chromatography is a versatile tool which can be used in
a variety of ways to separate radionuclides. It combines the power and selectivity of solvent
extraction with the ease of use of a chromatographic resin. Analytes of interest can be
extracted out of acidic solutions and stripped with small volumes of dilute acid solution. This
eliminates dependence on costly and hazardous solvents and reduces waste tracking.
The detection of Technetium, present in solutions containing Uranium and Thorium, has been
carried out in four steps:

U and Th precipitation with ammonium hydrate
- The filtrate has been made acid until 1 M free HNO3 and 1M free HF, and then put on a

EICHROM TevaSpec™ column
- 99Tc elution with a mixture of 0.01 M HF and 0.1 M H2CO4

Technetium measurement by LSC.
The separation of Strontium contained in High Level Waste solutions, has been performed by
means of an EICHROM Sr-Spec™ column. Before introducing the sample in the extraction
chromatographic column, it had been suitably pre-treated. In the case of sample weakly
acidity, a solution with equal parts of sample and HNO3 8 M should have been prepared. If the
sample was alkaline, HNO3 3.5 M should have been added to the residue. When the sample
was introduced into Sr-Spec column, at first impurities washing has been performed with
HNO3 3.5 M and the solution obtained has been measured by y-spectrometry in order to detect
137Cs. The elution of 90Sr has been achieved using HNO3 0.05 M as eluant. Finally, 90Sr has
been measured by Liquid Scintillation Counting.



2 ACTIVITIES CARRIED OUT

Another task of the Laboratorio Nazionale per la Caratterizzazione dei Rifiuti Radioattivi, has
been the development of chromatographic methods coupled to chemical as well as fast nuclide
detection techniques. The work has been carried out through the following steps:

> Instrumentation selection and purchase
> A remote environment project
> Changes to the commercial instruments and remotisation of the new apparatus
> Functionality tests
> Development of analytical methods

2.1 Instrumentation selection

For the chemical separation of the radionuclides present in liquid solutions, High Performance
Ion Chromatography (HPIC) has been chosen. HPIC is a useful tool for one step multi-ion
separations with a really small sample volume (50 jol-̂ 1 ml), consistent with the technical
characteristics of the detectors that have been chosen. A decisive reason for the choice of the
commercial Ion Chromatograph after described, has been its modular structure, in order to
disassemble and remotise it.
For the detection and quantification of the radionuclides present in liquid solutions,
Liquid/Solid Scintillation Counting technique has been chosen. Liquid Scintillation Counting,
providing a high counting efficiency, is the most suitable technique for the measurement of
the (J-emitting nuclides and the low energy 7-emitters not detected by non-destructive
methods.

2.1.1 The Ionic Chromatograph

The instrument used for the chemical separation has been a Dionex™ High Performance Ion
Chromatograph mod. 500DX, constituted by the following modules:
• a LC 30 Chromatography oven
• a GP 40 gradient pump.
The LC 30 module houses a combination of different components: up to four analytical
columns with their guard columns, the anionic and cationic self-regenerating suppressors, the
column switching valve.
The system offers the possibility to carry out chromatographic separations in the following
temperature range: 4 -f 80°C ± 1°C.
The chromatographic columns are constituted by new pellicular ion exchange resins that, even
at room temperature, permit high resolution separations of a great variety of ionic compounds.
The advantages of the pellicular resins are the reduction of the analysis duration, a longer life
and an easy decontamination of the columns. HPIC is a versatile analytical tool that can be
applied to the separation of not only a wide range of common inorganic anions and cations,
but also carboxylic acids, aliphatic sulfonic acids, oxy anions, polyvalent anions,
carbohydrates, and amines. HPIC provides for the routine amounts of ionic species in the sub
jxg/1 to mg/l range.
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GP 40 Gradient Pump is a microprocessor-based, dual piston, variable speed, gradient
delivery system designed to blend and pump mixtures of up to four different mobile phases at
precisely controlled flow rates. Flow rates are adjustable in increments of 0.01 ml/min.
The pump can deliver the selected mobile phase composition isocratically, or as a multistep
linear or curved gradient. The maximum value of the pump operative pressure is 5000 psi.

2.1.2 The Electrochemical detector ED 40

The ED 40 provides for three major forms of electrochemical detection: Conductivity, DC
Amperometry, Integrated and Pulsed Amperometry. In addition, Voltammetry mode can be
used to determine potentials used in DC and Integrated Amperometry.
Since the elements of interest were mainly inorganic anions and cations, the instrument has
been equipped with a conductimetric cell, housed in the chromatography oven, in the
measurement range: 0.01 + 3000 |iS, with a temperature compensation from 0.0 to 3% per °C.
The cell body is made in PEEK, its volume 1.0 jJ for low dispersion, the electrodes are made
of 316 stainless steel.

2.1.3 The spectrophotometric detector AD 20

HPIC system has also been equipped with AD 20 UV-Vis spectrophotometric detector.
The AD 20 detector is equipped with a 9 1̂ volume flow-cell in PEEK (10 mm optical path
length). The optical system consists in a dual-beam, fiber-optic beamsplitter and concave
holographic diffraction grating, having:

Light Sources Deuterium lamp (30 W) for ultraviolet spectrum analysis;
tungsten lamp (10 W) for visible spectrum analysis

Wavelength range 190 to 800 nm variable, continuous in 1 nm steps
Wavelength accuracy ± 1 nm
Bandwidth 8 nm
Absorbance range discrete settings of 0.001, 0.002, 0.005, 0.01, 0.02, 0.05, 0.1,

0.2, 1.0 and 2.0 AU
Autozero capability 2 AU ±100 ^AU
Noise < 10 nAU peak-to-peak at 254 nm, 2-second rise time, flowing

deionized water
Drift < 100 nAU /hour (after warm-up)

< 100 nAU /°C (after warm-up)
Filter Rise Time Discrete settings of 0.05, 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, or 10.0

seconds
Analog output range Discrete settings of 0.001, 0.002, 0.005, 0.01, 0.02, 0.05, 0.1,

0.2, 0.5,1.0, and 2.0 AUFS

The photometric analysis is carried out after derivatization. In particular, Transition Metals
and Lanthanide Metals are analysed after their reaction with 4-(2-pyridylazo)-resorcinol
(PAR). The metals ions (separated on the HPIC column) are mixed with PAR reagent in a
post-column reactor and form chelate complexes that absorb at 530 nm. The PAR reagent is
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introduced into the post-column reactor using constant pressure (40 psi) in order to maintain a
pulse free flow [1].

All the connections between the modules of the chromatographic system are made in PEEK, a
chemical inert material which assures small and constant dead volumes. So no metal ions are
released in the separation system and columns are not contaminated.
Operative system can be directly controlled from the front panel of each module or can be
completely automated by means of the DX-LAN™ interface and PeakNet™ software.
This programme establishes the system configuration, identifying automatically the modules,
and controls, in real time, their state, transferring the operative instructions to the software
built-in in the single components.
So the whole chromatographic system can be remote controlled.

2.1.4 LSC Instrumentation

The instrument used for the radionuclide detection has been a Packard™ Liquid/Solid
Scintillation Counter (LSC/SSC), mod. FLO-ONE 525TR, equipped with a flow detection
cell, where the liquid sample labelled with low, intermediate and high energy (3-emitters,
directly flows.
Two major classes of flow cells can be used in Packard radiochromatography detectors: liquid
and solid cells. In a liquid cell, the sample stream is mixed with a scintillation cocktail to form
a uniform, stable mixture. For this reason, the counting system is called homogeneous. For
this kind of instrument, ULTIMA-FLO M, characterised by a very low viscosity and a great
facility in mixing with aqueous samples, can be used as scintillation cocktail, A solid cell is
made of Teflon™ tubing filled with scintillating crystals or beads. In this system, the sample
directly flows through the cell and exits unchanged from it. This is therefore called a
heterogeneous counting system. The choice of the type of detection cell depends on the
radiation energy of the radionuclides to be analysed and on the level of efficiency required.
The liquid cells are suitable for high energy (3-emitters, but not for y-emitters detection. For
this kind of radionuclides, solid cells constituted by CaF2 or BiGe as solid scintillator, can be
used.
For the purposes of this research programme, where conditions were changing, it was
necessary a homogeneous counting system, so only liquid cells have been used.
The choice of the best flow cell for the analyses to be performed, has been a compromise
between sensitivity and resolution. Usually, the larger the cell, the higher the sensitivity.
Likewise, smaller cells increase the resolution while decreasing sensitivity and statistical
validity. The knowledge about the HPIC sample and the elution profile educated the decision
about the size of flow cell to use. If the sample was a complex mixture with multiple peaks
that elute close together, then a smaller cell should absolutely be necessary. As a general rule,
a cell which was XA to XA of the volume of the minimum peak of interest in the chromatogram,
has been selected.
The system can be completely controlled by means of the FLO-ONE™ software, which
establishes the detector configuration, defining the run control parameters, and permits to
analyse the energy spectra acquired.
In this way, the radiodetector can be remote controlled.
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2.2 The remote environment project

As the validation tests for the new analytical methods involved the manipolation of
radioactive solutions, the instrumentation selected to carry out the work has been housed in a
remote environment, in order to operate in safe conditions.
The remotisation of the instruments has been performed in the experience achieved with the
installation of another Ion Chromatograph inside a glove box [2]. That chromatographic
instrument, used for previous analyses, was a Dionex QIC which, as every commercial Ion
Chromatograph, was not designed to be used in the analytical nuclear field. Some changes
were made to that instrument with the following main purposes:
• to remotise the manipulation of the

radioactive samples in order to operate
in safe conditions

• to minimize the instrumental
components inside the glove-box

• to preserve a high level of analytical
performances.

In this frame, the QIC Ion Chromatograph
was disassembled and, according to the
technical and operational requirements
(contaminated components permanently
placed inside the glove box under negative
pressure; electronic components placed
outside of the glove box for maintenance |J
or repair interventions; cylinders of gas
under pressure outside of the glove box), a FIGURE 1 - QIC Remotised Assembly
new assembly in glove box was realised as
shown in Figure 1.

On this basis, a remote area for the accommodation of the new instruments, has been designed
and performed. It is about a perfectly closed stainless steel box with a sliding frontal panel.
The box is submitted to a light vacuum.
The project of the remote area containing the instrumental modules is shown in Figure 2, with
the real dimensions expressed in mm.
The box, was performed by COMECER, in confonnity with the following regulations:
- EN/336/CEE about electromagnetic compatibility
- CEI-EN60204-1 machines electric equipment.
The walls of the new box are without sharp corners, to allow their better decontamination and
cleaning; they are entirely made up of polished stainless steel with the exception of the frontal
mobile wall made of Plexiglas, which is equipped with three holes having a glove-holder ring
of 186 mm of diameter.
The mobile wall, sliding upwards, is equipped with gaskets that assure vacuum seal when the
wall is down. The two side walls, are equipped with two holes having 5 needle valves in
stainless steel for reagents, 5 needle valves in stainless steel for gas, and two valves in
stainless steel for the inlet and the outlet of the cooling water. At the ground of the box, there
are two cone-shaped holes for the inactive liquids unloading (eluants chromatographic
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columns, post-column reagents, regenerants for suppressors). On this plane, there is an area
designed to the preparation of the radioactive samples. The two cone-shaped holes are linked
by two stainless steel tubes to a bottle hermetically sealed. This bottle, made in stainless steel
too, lies on the lower plane outside of the box. It has a 5 litres volume and it can be emptied
out after many hours of the system running.

VENTILATION

ELANGE FDR FILTER REPLACEMENT

SELECTOR FOR THE WALL-SWELLING GASKET

GASKET PRESSURE GAUGE .... \

FIGURE 2 - Scheme of the remote environment where the HPIC-LSC apparatus has been
accommodated.
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2.3 HPIC-LSC coupling

The chemical separation system (HPIC) has been coupled to the Liquid Scintillation Counter
(LSC) by means of a series of valves: the liquid fraction directly coming from the
chromatographic column, flows through the electrochemical detector placed in series to the
radiometric one, or through the spectrophotometric detector placed in parallel to the
radiometric one.
The first configuration has been used to analyse the Anions and the Alkali and Alkaline-Earth
Metals, while the latter for the Transition Metals and Lanthanides.
The connection between the two systems is made in PEEK, has small diameter (0.01" ID) and
short length, in order to preserve the sample resolution obtained by the column
chromatography. But although the length of the connecting tubing was chosen as short as
possible, the travel time of the effluent through the interconnecting tubing, has caused the
chromatograms from the two detectors to be misaligned in time. It has been possible to realign
them by entering an offset time for the auxiliary channel that is equal to the plumbing delay.
This value can be calculated using the volume of the tubing and the flow rate of the liquid
sample.
For a better "on-line" nuclide detection in the flow stream fractions directly coming from the
chromatographic separation system, some technical changes have been necessary.

2.3.1 Changes to the commercial instruments

The arrangement of the spectrophotometric detector in parallel to the radiometric one, has
been necessary in consequence of the use of the post-column chromogenic reagent during the
absorbance detector's running. This post-column reagent, mixed with the sample coming from
the chromatographic column, can't be directly sent into the flow cell of the radiodetector
because it can cause "quenching" phenomenon. The problem has been solved installing a
splitter valve in the Liquid Scintillation Analyser. The valve splits the sample flux coming
from the separator column in two separate streams: the former directed to the absorbance
detector after mixing with the chromogenic reagent, the latter directed to the flow cell of the
radiodetector.
Theory suggests the better ratio between the two streams would be 1:1, but repetitive tests
performed during the analyses of the Transition Metals and the Lanthanide Metals, have
demonstrated that the better chemical and radiochemical detection is obtained when the
splitter valve directs completely the sample flux either into the absorbance detector or into the
Liquid Scintillation Analyser. It has been also tested that in the case of Lanthanides, if 70% of
sample flux flows into the absorbance detector and the remaining 30% in the flow cell of the
radiodetector, analytical results are acceptable.
If the sample stream coming from the chromatographic system has not to be counted, for
example during non-radioactive runs or while the HPIC is equilibrating, as soon as it enters
the flow detector, it is immediately diverted out by a diverter valve, to a waste bottle.
Other important changes have been performed both on the hardware and the software
components of the new radiodetector system.
At the outputs of the radiodetector PMTs, an electronic device (BSP01EN) has been installed:
it allows to report the electronic pulses to a multichannel analyser (MCA - 2048 channels).
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The multichannel board CANBERRA ACCUSPEC and its relative MCA programme, have
been installed in the personal computer Compaq Dexkpro 2000, which controls all the
hardware components. This multichannel board acquires the analog signal coming from the
BSP01EN of the radiodetector. It analyses the energy at predefined intervals of time {update
time), adding up in the same channel all those impulses with the same intensity. At the end of
each update time, the multichannel board stores the sequence of data on the computer's hard
disk and gets ready for the successive one.
The SpectRun software has been developed by the Laboratorio in collaboration with
Packard™, in order to satisfy all the requirements. Successive up-grading of the software
installed on the PC have been performed, and now SpectRun 1.4 has the following
capabilities:

• it processes the sequence of data which has been stored on the hard disk by the
multichannel board, and produces energy spectrum for each update time. The result of
this process is a tridimensional graphic with the channels on the X-axis, the update
times on the Y-axis, the counts on the Z-axis. In Figure 3, the tridimensional graph
representing three radionuclides (137Cs, 45Ca, 90Sr) is reported.

• It processes the results and gives an energy spectrum in a particular update time or in a
particular range of channels providing for a further energy discrimination of the eluate.
In detail, it gives qualitative and quantitative evaluations (e.g. areas), by analysing
either the global graphics or single parts of them. The graph reported in Figure 4, shows
the sum of all counts for each update time, versus the update times, for some resolved
analytes. From this graph, it is possible to identify the number of the update time giving
the spectrum of each radioisotope. This single spectrum (reported in Figure 5) can be
drawn from the tridimensional graph: its form and the end point value identify the
radionuclide contained in the solution analysed. The content of the radionuclide
identified can be deduced from the calculations of the area subtended by the graph
shown in Figure 4.
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FIGURE 3 - The detection of a solution containing mCs, 45Ca and 90Sr.
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FIGURE 4 The sum of the counts (of a solution containing 137Cs, 45Ca and 90Sr) for each
update time, versus update times.

300 800

FIGURE 5 90Sr spectrum drawn from the tridimensional graph.

The robustness of SpectRun 1.4 software has been demonstrated during the execution of
Lanthanides Metals analysis, when interference of Transition Metals occurred.
In particular, Cobalt and Lanthanum have been both eluted at the same time. This fact
involves that in a solution of a real radioactive waste, wCo and 140La will not be well separated
by the chromatographic column and they will not be exactly identified.
SpectRun software can solve the problem: a kind of spectrum like that shown in Figure 5
gives the possibility to discriminate directly between the radionuclides.
Figure 6 and Figure 7 show two (J-spectra drawn from the tridimensional graph relative to the
analysed solution: the difference between the two spectra is in the end-point value and in the
spectrum form.

Channels 1500
Channels 2200

FIGURE 6 p-spectrum of Co FIGURE 7 p-spectrum ofmha
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2.3.2 Remotisation of the new apparatus

Before the installation of the HPIC-LSC apparatus inside the remote area, changes to the
electric, hydraulic and ventilation system had been performed.
The whole instrumentation at first has been disassembled; then it has been placed under the
remote environment according a new configuration: the LC 30 Chromatography oven
(containing the analytical columns, the two self-regenerant suppressors, the column switching
valve and the conductimetric cell), the optical chassis of the AD 20 Absorbance Detector, the
Reagent Delivery Module for the pneumatic delivery of the post-column reagent, and the
radiodetector have been permanently placed inside the area, while the electronic components
and the data acquisition system have been placed outside the area, for an easier maintenance
or for repair interventions.
About the management of radioactive wastes (excess of sample from the chromatograph
injection valve, the radioactive portion of sample diverted by the check valve of the
radiodetector), these are held in special bottles inside the box and evacuated every so often.
Figure 8 shows how the assembly appears after its remotisation.

FIGURE 8 - HPIC-LSC remotised assembly.
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2.4 Functionality tests

After the apparatus HPIC-LSC remotisation, hydraulic and mechanical tests have been
performed, in order to verify the wet seal and the correct operating of the whole system.
Referring to the instrument sensitivity, the results obtained in the repeatability tests after the
remotisation, have demonstrated no significant differences with the results obtained before the
coupling.
The high level of analytical performances as well as the analytical accuracy and
reproducibility have remained constant.

2.5 Development of analytical methods

Analytical methods for the chemical separation and radionuclide detection of the main
radionuclides present in radioactive waste have been evaluated and developed. The choice of
the radionuclides has fallen on those elements that can be easy transformed in ions and
separated by Ion Chromatography. The analytical methods have been developed finding the
best operative conditions for the apparatus HPIC-LSC, according to the analytical procedure
currently adopted by the Laboratorio.

a) At first, a more level calibration for the HPIC-LSC apparatus has been performed by
means of a low salt content solution spiked with known amounts and activities of the
certified standard elements of interest.

b) Then the analysis of that solution and repeatability tests have been performed, in order
to define the accuracy and precision values for the separation method as well as the
efficiency for the radiochemical one.

c) At the end, validation tests have been carried out in order to check the performance of
the instruments during the analysis of high salt level solutions. The interference as
well as the matrix effects on the chromatographic separation and liquid scintillation
analysis have been evaluated. The solution used simulated a real radioactive waste
solution. In details, it had the same chemical and radiochemical characteristics of a
solution obtained from the dissolution of a cemented radioactive waste. The synthetic
cement solution has been prepared dissolving R425 Pozzolanico cement by means of
acid attacks in MILESTONE 1200 microwave oven with 38% HC1 and a 1:1 mixture
of 65% HNO3 and 50% HBF4. The final acidity of the solution prepared has normally
resulted in about 10 M. Since several available separation columns (in particular the
Cation Exchange CS12A) do not support an acidity above 50 mM, the solution acidity
has been reduced, in order to avoid damages to the analytical columns. Dilution has
seemed to be of course the simplest way to achieve this purpose. In spite of dilution
factor of about 200 suggested by column specifications, a dilution factor of 100+150
has been used and it has not created great problems. As the concentration of the
cement has resulted in about 0.24 g/1 and the sample loop of the Chromatographic
system is 50 jal, the amount of the cement injected in the column during a run has been
about 10 ng.

d) Some of the new analytical methods have been successfully applied to several real
liquid waste solutions containing for example 99Tc and 151Sm.
The future aim will be to adopt in a routine mode the new fast laboratory techniques
for a characterisation campaign on more real radioactive wastes.
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The results obtained from the work, have permitted to define some protocols of analysis
which contain all information about the new analytical methods (operative conditions for
HPIC-LSC apparatus, field of applicability, detection limits).

2.5.1 Common Anions

An analytical method for the chemical separation and detection of the most common anions
(F~, Cl", NO2", Br", NO3", PO4", SO4

=) has been developed.
The best conditions for the instrumentation have been found in the following configuration: a
column Dionex Ion Pac AS 14 with its guard-column Dionex Ion Pac AG14 have been used as
separation system. The ASH column has 65 î eq capacity, stationary phase functionalized
with alkyl quaternary ammonium ion on a macroporous divinylbenzene/ethylvinylbenzene
polymer as substrate material, with medium-high hydrophobicity. The mobile phase is
constituted by an eluant solution, prepared with 3.5 mM Na2CC>3 plus 1.0 mM NaHCC>3. The
flow rate of the eluant is 1.2 ml/min.
The detection system has been the electrochemical detector placed in series with the
radiochemical one. The chemical detector operates in the suppressed conductivity method by
means of a Dionex Anion Self-Regenerant Suppressor-I (ASRS-I), with 17.0 \xS as
background value, while the radiochemical detector is equipped with a 0.5 ml flow cell. The
flow rate of the scintillation cocktail is 2.4 ml/min.
The solutions used for the more level calibration of the HPIC-LSC apparatus and for the
analysis and repeatability tests, were low salt content solutions spiked with certified standard
elements.
The detection limits of the elements are reported in Table 1.

Common
anions

F
36Cj-

NO2'
Bf
NCV
PO4 '
SO4

=

Chemical Detection Limit
(mg/1)

0.3
0.2
0.5
0.7
0.2
0.3
0.4

Radiochemical Detection
Limit (Bq/ml)

-
24
-
-
-
-
-

TABLE 1 - Chemical and radiochemical detection limits of the elements contained in a low
salt content solution used for the calibration of the HPIC-LSC system.
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The precision and accuracy values for the chemical separation and the radiochemical detection
methods are reported in Table 2 and Table 3, respectively.

Common
anions

F

cr
NO2"
Br"
N(V
PO4"
SO4

=

Content
(mg/1)

3
8
15
20
15
20
20

Measured
Content (mg/I)

3.35 ±0.21
8.27 ±0.15
14.85 ±0.14
20.15 ±0.14
15.27 ±0.16
20.18 ± 0.13
20.38 ±0.14

Retention
Time (min)
2.90 ± 0.06
4.22 ± 0.05
5.14 ±0.02
6.57 ±0.05
7.79 ± 0.08
9.81 ±0.04
11.95 ±0.05

Precision
(%)
6.3
1.8
0.9
0.7
1.0
0.6
0.7

Accuracy
(%)
112
103
99
101
102
101
102

TABLE 2 Chemical separation method precision and accuracy values, obtained using a low
salt content solution, containing several common anions.

Element

36C 1

Injected
Activity (Bq)

761

Measured
Activity (Bq)

750 ±4.90

Retention
Time (min)
4.22 ± 0.05

Precision
(%)
0.6

Accuracy
(%)
99

TABLE 3 - Radiochemical detection method precision and accuracy values, obtained using a
36low salt content solution, spiked with Cl.

In order to check the response linearity of HPIC-LSC system, the method has been validated
on the synthetic cement solution (prepared as described in § 2.5c), containing the same
certified elements used before. The detection limit of each anion in the cement matrix is
reported in Table 4.

Common
anions

F
36C1-

NO2

Bf
NO3"
PO4"
SO4

=

Chemical Detection Limit
(mg/1)

-
-

0.8
0.8
0.9
1.4
1.2

Radiochemical Detection
Limit (Bq/ml)

-
48
-
-
-
-
-

TABLE 4. - Chemical and radiochemical detection limits of the elements contained in a high
salt content solution used to check the response linearity of HPIC-LSC system.
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Common
anions

F

cr
NO2-
Br"
NO3'
PO4"
SO4

=

Content
(mg/1)

3
8
15
20
15
20
20

Measured
Content (mg/1)

-
-

15.32 ±0.12
19.98 ±0.10
15.16 ±0.15
19.92 ± 0.11
20.27 ±0.15

Retention
Time (min)

-
4.67* ±0.13
5.12 ±0.03
6.51 ±0.06
7.73 ± 0.02
9.79 ±0.03
11.98 ±0.05

Precision
(%)

-
-

0.8
0.5
1.0
0.5
0.7

Accuracy
(%)

-
-

102
100
101
100
101

TABLE 5 - Chemical separation method precision and accuracy values, obtained using a high
salt content solution, containing several common anions.
* Cl' retention time has been deduced from the radiochemical spectrum, as high content of
salt in the solution has compromised its determination.

Element Injected
Activity (Bq)

761

Measured
Activity (Bq)

742 ± 5.21

Retention
Time (min)
4.67 ±0.13

Precision
(%)
0.7

Accuracy
(%)
97

TABLE 6 - Radiochemical detection method precision and accuracy values, obtained using a
high salt content solution, spiked with 3 Cl.
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FIGURE 9 - Chemical separation of several anions and simultaneous radiochemical
detection of 3 Cl present in a high salt content solution.

The matrix effect on the chromatographic separation as well as on the radiochemical detection
is evident: in the former F and Cl" cannot be completely separated from the matrix, while in
the latter, 36C1 shows a more irregular peak than the expected one.
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2.5.2 Technetium

The detection of Technetium, in the oxy-complex chemical form TcCV, has been suggested by
the results obtained during previous analyses.
Before HPIC-LSC coupling, standard solutions containing non-radioactive oxy-complexes
such as C2O42", CIO4" and Re(V had been analysed by means of a Dionex Ion Chromatograph
mod. 4000i. The research of the best conditions for the separation of those anions had been
useful for the successive Technetium analysis. In particular the oxy-complex ReCV was really
a good indicator of TcCV, because of a similar chemical behaviour of the two elements.
The first tests on that non-radioactive solution, had focused on the research of the best
concentration ratio Na2CO3/NaHCO3 and the exact value for 4-cyanophenol concentration in
the mobile phase. The separator system was a column Dionex Ion Pac AS4A with its guard-
column Ion Pac AG4. The AS4A column has a capacity of 20 neq, its functional group is
Alkanol quaternary ammonium, with a medium-low hydrophobicity.
The detection system had been a conductimetric detector, operating in a suppressed
conductivity method by means of Anion Micro Membrane Suppressor AMMS regenerated by
0.025 N H2SO4.
Other tests had been carried out by means of the new HPIC-LSC apparatus using low salt
content solutions and synthetic cement solutions. In particular, the analytical method just
developed for the common anions has been used for the analysis of Technetium.
At the beginning of the tests, a new analytical column has been compared to the AS 14 column
used in the common anions separation. It is a column Dionex Ion Pac AS 11 with its guard-
column Dionex Ion Pac AG11. The ASH column has a capacity of 45 fxeq, its functional
group is Alkanol quaternary ammonium, with a very low hydrophobicity. The mobile phase
for this separation system is 40 mM sodium hydroxide at a flow rate of 1.0 ml/min. Referring
to ReO4" (as indicator of TCO4"), it has eluted in about 5 minutes; but when the high salt
content solution was injected into the ASH column, the separation of the element from the
matrix has not been good. The matrix peaks have covered the ReO4" one. For this reason, the
conditions of column Dionex Ion Pac ASH have been preferred.
Finally, the best operative conditions of HPIC-LSC apparatus have been found in the
following configuration: the chromatographic system is the same used for the chemical
separation of the common anions, "with a different concentration ratio for the eluant
constituents: 7.0 mM Na2CO3/1.0 mM NaHCO3 plus 0.8 g/1 of 4-cyanophenol, in order to
reduce the elution time. The flow rate of the eluant mixture is 2.0 ml/min. The anions are
chemically detected by the electrochemical detector, operating in the suppressed conductivity
method by means of a Dionex Anion Self-Regenerant Suppressor-I (ASRS-I). The radioactive
anion TCO4" was detected by the radiochemical detector (on-line with the chemical one)
equipped with 0.5 ml flow cell. The flow rate of the scintillation cocktail is 4.0 ml/min.
The solutions used for the more level calibration of the HPIC-LSC instrument and for the
analysis and repeatability tests were low salt content solutions, spiked with several non-
radioactive oxy-anions and 99Tc in TCO4" pertecnetate form. The chemical and radiochemical
detection limits are reported in Table 7.
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Oxy-
complexes
C1O4"
ReO4

TcO4~

Chemical Detection Limit
(mg/1)

2
5

2.3

Radiochemical Detection
Limit (Bq/ml)

- •

-

240

TABLE 7 - Chemical and radiochemical detection limits of the elements contained in a low
salt content solution used for the calibration of the HPIC-LSC system.

Oxy-
complexes

CIO4"

ReO4~
TcO4"

Content
(mg/1)

90
30
78

Measured
Content (mg/1)

87.93 ±0.96
29.69 ± 1.28
76.91 ± 1.09

Retention
Time (min)
8.75 ±0.18
13.42 ± 0.23
15.72 ± 0.32

Precision
(%)
1.1
4.3
1.4

Accuracy
(%)
98
99
99

TABLE 8 - Chemical separation method precision and accuracy values, obtained using a low
salt content solution containing several oxy-anions.

Element

"Tc

Injected
Activity (Bq)

668.5

Measured
Activity (Bq)
671.96 ±10.82

Retention
Time (min)
15.72 ±0.32

Precision
(%)
1.6

Accuracy
(%)
100

TABLE 9 - Radiochemical detection method precision and accuracy values, obtained using a
QQ

low salt content solution containing Tc.

The method has been validated on the synthetic cement solution (prepared as described in
§2.5c) containing the same oxy-anions used before. The detection limits of those elements in
the cement matrix are reported in Table 10.

Oxy-
complexes
C1CV
ReO4"
TcO4"

Chemical Detection Limit
(mg/1)

2.3
6

2.7

Radiochemical Detection
Limit (Bq/ml)

-
-

360

TABLE 10 - Chemical and radiochemical detection limits of the oxy-anions contained in a
high salt content solution used to check the response linearity of the HPIC-LSC system.
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Oxy-
complexes

C1O4"
ReO4"
TcO4"

Content
(mg/1)

90
30
104

Measured
Content (mg/1)

87.9 ±1.1
29.7 ±1.5
100.0 ± 1.0

Retention
Time (min)
8.72 ±0.08
13.63 ±0.17
15.70 ±0.50

Precision
(%)
1.2
5.1
1.0

Accuracy
(%)
98
99
96

TABLE 11 - Chemical separation method precision and accuracy values, obtained using a
high salt content solution containing several oxy-anions.

Element

"Tc

Injected
Activity (Bq)

668.5

Measured
Activity (Bq)
672.27 ± 16.61

Retention
Time (min)
15.70 ±0.50

Precision
(%)
2.5

Accuracy
(%)
101

TABLE 12 - Radiochemical detection method precision and accuracy values, obtained using a
high salt content solution containing 99Tc.
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FIGURE 10 - Chemical separation and simultaneous radiochemical detection of TcO/ and
other oxy-anions added to a synthetic cement solution.

The high salt content in the solution hasn't compromised the detection of 99Tc in the TcO4"
form. In fact this oxy-anion elutes about ten minutes later the solution impurities.

This analytical method for Technetium detection and separation from a complex matrix, has
successfully been applied to a real high level liquid waste solution, and it has given the results
reported in Table 13. The original solution had been diluted about 106 times, in order to
operate in safe conditions in the remote area.
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Element

"Tc

Measured Content
(mg/1)

6.6 ± 0.4

Measured Activity
(Bq)

1.1 • 103

Retention
Time (min)
15.72 ±0.64

-99'nTABLE 13 - Content and activity of Tc contained in a real high level liquid waste, suitably
diluted.

2.5.3 Alkali and Alkaline-Earth Metals

The first chemical separations of mono- and divalent cations such as Alkali including
Ammonium Ion, and Alkaline Earth Metals, were time-consuming as the two groups of
cations were separated in two steps requiring a column and eluant exchange. A faster method
for the chemical separation and simultaneous nuclide detection of the I and II Group cations
has been developed and qualified. This method permits to separate the Alkali, Alkaline Earth
Metals and Ammonium ion simultaneously in a reasonably short time, using a weakly acid
eluant under isocratic conditions. The analytical column used for this purpose is a Dionex Ion
Pac CS12A that combines the benefits of the two columns previously used. This column has a
capacity of 2.8 meq, stationary phase functionalised with relatively weak phosphonic and
carboxylic acids, on a macroporous divinylbenzene/ethylvinylbenzene polymer as substrate
material, with med-low hydrophobicity. The mobile phase is 20 mM methanesulfonic acid
(MSA) at a flow rate of 1.0 ml/min. The detection system is the electrochemical detector on-
line with the radiodetector. The chemical detector operates in the auto-suppression external
water mode by means of a Cation Self-Regenerant Suppressor (CSRS-I) with a background
value ~ 1 jxS, and the radiodetector was equipped with a 0.5 ml flow cell. The flow rate of the
scintillation cocktail is 2.0 ml/min.
The solutions used for the more level calibration of the HPIC-LSC apparatus and for the
analysis and repeatability tests, were low salt content solutions spiked with the following
radionuclides: 137Cs, 45Ca, 90Sr.
The detection limits of the elements are reported in Table 14.

Cations

Na+

K+

137Cs+

M g ^

9 0 S r + +

Ba^

Chemical Detection Limit
(mg/1)

0.5
0.5
0.5
0.5
0.2
0.4
3.0

Radiochemical Detection
Limit (Bq/ml)

-
-

80
-

100
100

-

TABLE 14 - Chemical and radiochemical detection limits of the elements contained in a low
salt content solution used for the calibration of HPIC-LSC system.
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Cations

Na+

K+

Cs+

Mg++

Ca++

Sr""

Content
(mg/1)

5
10
15
5
10
10

Measured
Content (mg/1)

5.37 ±0.15
10.45 ± 0.20
15.20 ± 0.07
5.15 ±0.03

L 10.66 ±0.31
10.28 ± 0.05

Retention
Time (min)
4.03 ± 0.01
6.01 ± 0.06
9.14 ±0.48
9.94 ±0.01
12.77 ± 0.04
15.01 ±0.11

Precision
(%)
2.8
2.0
1.0
1.0
3.0
0.5

Accuracy
(%)
107
105
102
103
107
103

TABLE 15 - Chemical separation method precision and accuracy values, obtained using a
low salt content solution, containing several cations.

Element

137Cs
45Ca
^Sr

Injected
Activity (Bq)

210
260
25

Measured
Activity (Bq)

217 ± 0.65
253 ± 0.57
28 ±0.60

Retention
Time (min)
9.14 ±0.48
12.77 ± 0.04
15.01 ±0.11

Precision
(%)
0.3
0.2
2.1

Accuracy
(%)
103
97
112

TABLE 16 - Radiochemical detection method precision and accuracy values, obtained using a
low salt content solution, spiked with I37Cs, 45Ca, 90Sr.

The method has been validated on the synthetic cement solution (prepared as described in
§2.5c) spiked with the same elements used before, except Sodium and Calcium, already
present in it with high amounts. About radionuclides, 137Cs, 45Ca and 90Sr have been added to
the synthetic solution too. The detection limits of the elements are reported in Table 17.

Cations

Na+

K+

137Cs+

M g ~
"or

Chemical Detection Limit
(mg/1)

-
1.0
3.0
-
-

1.0

Radiochemical Detection
Limit (Bq/ml)

-
-

208
-

120
128

TABLE 17 - Chemical and radiochemical detection limits of the elements contained in a high
salt content solution used to check the response linearity ofHPIC-LSC system.

27



Cations

Na+

K+

Cs+

Mg^
Ca~
Sr^

Content
(mgA)

-
10
15
20

10

Measured
Content (mg/1)

-
10.91 ±0.54
14.54 ±0.14

-
-

10.52 ± 0.21

Retention
Time (min)

-
5.21 ±0.06
7.47 ±0.17

-
8.90* ±0.05
10.30 ±0.14

Precision
(%)

-
4.9
1.0
-
-

2.0

Accuracy
(%)

-
109
97
-
-

105

TABLE 18 - Chemical separation method precision and accuracy values, obtained using a
high salt content solution, containing several cations.
* Ca** retention time has been deduced from the radiochemical spectrum, as high calcium
content in the solution hasn't permitted its determination from the chromatogram.

Element
137Cs
45Ca
^Sr

Injected
Activity (Bq)

210
260
25

Measured
Activity (Bq)

214 ± 0.60
268 ±0.65
21 ±0.68

Retention
Time (min)
7.47 ±0.17
8.90 ±0.05
10.30 ±0.14

Precision
(%)
0.3
0.2
3.2

Accuracy
(%)
102
103
84

TABLE 19 - Radiochemical detection method precision and accuracy values, obtained using a
high salt content solution, spiked with I37Cs, 45Ca, ^Sr.

The high level of Calcium in the solution hasn't permitted the chemical separation of Calcium
and Magnesium. However, this matrix effect hasn't compromised the radiochemical analysis
where 45Ca has perfectly been detected and separated from the other radionuclides.
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FIGURE 11 - Chemical separation of several cations of I and II Group and radiochemical
detection of137Cs, 45Ca, 90Sr contained in a high salt level solution.
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2.5.4 Transition Metals

For the separation and radiochemical detection of the Transition Metals, two methods have
been developed. Both use a Dionex Ion Pac CS5A as separation column, but in the former 7.0
mM pyridine-2,6-dicarboxylate acid (PDCA) is used as eluant for a better detection of Iron,
while in the latter the mobile phase is 80 mM Oxalic acid that well separated Lead.
As 55Fe is one of the radionuclides of interest, the method with 7.0 mM PDCA (at a flow rate
of 1.2 ml/min) has been preferred. The analytical column has a capacity of 20 jieq, sulfonic
functional group on a microporous divinylbenzene/stirene polymer as a substrate material,
with low hydrophobicity.
The detection system is the spectrophotometric detector operating in the absorbance mode in
the visible spectrum at a wavelength of 530 nm, placed in parallel with the radiodetector
equipped with a flow cell of 0.5 ml. The post-column chromogenic reagent is 0.5 mM PAR
(4-(2-pyridylazo)resorcinol), at a flow rate of 0.7 ml/min. The flow rate of the scintillation
cocktail is 2.4 ml/min.
The method qualification tests have been carried out with standard solutions prepared both
with non-radioactive elements (Fe, Cu, Ni, Zn, Co, Cd, Mn) and with several radionuclides of
interest (55Fe, 63Ni, 54Mn).
The detection limits of the elements are reported in Table 20.

Transition
Metals

5 5 F e 3 +

Cu2+

6 3 M 2 +

Zn2+

Co2+

Cd2+

54Mn2+

Chemical Detection Limit
(nigA)

0.2
0.2
0.3
0.1
0.1
0.1
0.2

Radiochemical Detection
Limit (Bq/ml)

160
-

180
-
-
-

240

TABLE 20 - Chemical and radiochemical detection limits of the elements contained in a low
salt content solution used to calibrate HPIC-LSC system.

Transition
Metals

Fe3+

Cu2+

Ni2+

Zn2+

Co2+

Cd2+

Mn2+

Content
(mg/1)

5
5
10
5
4
10
5

Measured
Content (mg/1)

5.28 ±0.13
5.17 ±0.14
9.95 ±0.12
4.97 ±0.17
4.21+0.19
9.89 ±0.22
4.87 ±0.15

Retention
Time (min)
5.05 ±0.25
5.69 ±0.17
6.38 ±0.21
7.06 ±0.23
8.06 ±0.29
8.65 ± 0.29
9.90 ± 0.34

Precision
(%)
2.4
2.7
1.2
3.4
4.5
2.2
3.1

Accuracy
(%)
106
103
99
99
105
99
97

TABLE 21 - Chemical separation method precision and accuracy values, obtained using a
low salt content solution, containing several Transition Metals.

29



Element
55Fe
63Ni

Injected
Activity (Bq)

22
835
250

Measured
Activity (Bq)

27 ± 0.78
821 ±0.69
273 ±0.68

Retention
Time (min)
5.05 ± 0.25
6.38 ± 0.21
9.90 ±0.34

Precision
(%)
2.9

0.08
0.2

Accuracy
(%)
123
98
109

TABLE 22 - Radiochemical detection method precision and accuracy values, obtained using a
low salt content solution, spiked with Fe, Ni, Mn.

In order to check the response linearity of HPIC-LSC using a high salt content solution, the
synthetic cement solution (prepared as described in §2.5c), has been spiked with the same
elements used before. About Iron, only the radionuclide 55Fe has been added, because the
chemical contribute was already present in the matrix. The detection limits of the elements are
reported in Table 23.

Transition
Metals

55F e3+

Cu2+

Zn2+

Co2+

Cd2+

54^2.

Chemical Detection Limit
(mg/1)

-
0.7
0.4
0.5
0.2
0.3
0.3

Radiochemical Detection
Limit (Bq/ml)

200
-

340
-
-
-

280

TABLE 23 - Chemical and radiochemical detection limits of the Transition Metals contained
in a high salt content solution used to check the response linearity of HPIC-LSC instrument.

Transition
Metals
Fe3+

Cu2+

Ni2+

Zn2+

Co2+

Cd2+

Mn2+

Content
(mg/1)

-
5
10
5
4
10
5

Measured
Content (mg/1)

-
5.31 ±0.32
10.12 ±0.42
5.17 ±0.21
4.02 ±0.15
10.41 ± 0.52
4.87 ± 0.22

Retention
Time (min)
5.47 ± 0.42
5.69 ±0.17
6.75 ± 0.37
7.06 ±0.23
8.06 ±0.29
8.65 ±0.29
10.62 ± 0.72

Precision
(%)

-
6.1
4.2
4.1
3.7
5.0
4.5

Accuracy
(%)

-
106
101
103
100
104
97

TABLE 24 - Chemical separation method precision and accuracy values, obtained using a
high salt content solution, containing several Transition Metals.
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Element
55Fe
6 3 M

54Mn

Injected
Activity (Bq)

22
835
250

Measured
Activity (Bq)

25 ± 0.8
847 ± 2.9
238 ± 2.8

Retention
Time (min)
5.47 ±0.42
6.75 ± 0.37
10.62 ± 0.72

Precision
(%)'
3.2
0.3
1.2

Accuracy
(%)
114
101
95

TABLE 25 - Radiochemical detection method precision and accuracy values, obtained using a
high salt content solution, spiked with 55Fe, 63Ni, 54Mn.
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FIGURE 12 - Chemical separation and simultaneous radiochemical detection of several
Transition Metals added to a high salt content solution.

2.5.5 Lanthanide Metals

For the chemical separation of the Lanthanide Metals, a column Dionex Ion Pac CS5A with
its guard-column Ion Pac CG5A has been used. The eluant is 100 mM Oxalic acid, 100 mM
Diglycolic acid and deionised water with an opposing linear gradient, at a flow rate of 1.2
ml/min. The detection system is the spectrophotometric detector used in the absorbance mode
(the operative range is the visible spectrum at a wavelength of 530 nm) in parallel with the
radiodetector FLO-ONE 525 TR, equipped with a flow cell of 0.5 ml. The flow rate of the
scintillation cocktail is 2.4 ml/min.
The method for the chemical separation and radiochemical detection, has been developed and
qualified using low salt content solutions spiked with the Lanthanides of interest. Two
radionuclides (141Ce and 152Eu) have been added to the solutions too. The detection limits of
the elements are reported in Table 26.
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Lanthanides

La
141Ce
Pr
Nd
Sm
152Eu
Gd

Chemical Detection Limit
(mg/1)

0.4
0.2
0.3
0.3
0.3
0.6
0.5

Radiochemical Detection
Limit (Bq/ml)

-
14
-
-
-

22
-

TABLE 26 - Chemical and radiochemical detection limits of the elements contained in a low
salt content solution used to calibrate HPIC-LSC system.

Lanthanides

La
Ce
Pr
Nd
Sm
Eu
Gd

Content
(mg/1)

10
10
10
10
10
10
10

Measured
Content (mg/1)

9.85 ±0.15
9.99 ±0.07
9.97 ±0.09
10.08 ±0.12
9.99 ± 0.04
10.05 ± 0.07
9.96 ±0.11

Retention
Time (min)
5.62 ± 0.02
5.58 ±0.04
7.25 ± 0.04
7.82 ±0.05
9.72 ±0.05
10.62 ± 0.04
11.18 ±0.05

Precision
(%)
1.5
0.7
0.9
1.2
0.4
0.7
1.1

Accuracy
(%)
98
100
100
101
100
100
100

TABLE 27 - Chemical separation method precision and accuracy values, obtained using a
low salt content solution, containing several Lanthanides.

Element
141Ce
152Eu

Injected
Activity (Bq)

1.2
5

Measured
Activity (Bq)

1.1 ±0.08
5.2 ± 0.3

Retention
Time (min)
5.58 ±0.04
10.62 ±0.04

Precision
(%)
7.2
5.7

Accuracy
(%)
92
104

TABLE 28 - Radiochemical detection method precision and accuracy values, obtained using a
low salt content solution, spiked with 141Ce and 152Eu.

In order to check the response linearity of HPIC-LSC instrument as well as repeatability of the
method, the high salt level solution (prepared as described in §2.5c) has been used.
The chemical separation of the Lanthanides has not been successful, because of the
interference caused by other elements present in the solution.
Alternative methods have been tried in order to solve this kind of problems.

32



2.5.5.1 Pre-treatment procedures for complex matrices

a) The Chelation Ion Chromatographic system

A Chelation system has been coupled to the High Performance Ion Chromatograph in order to
determine trace Lanthanide Metals in complex matrices containing high levels of Alkali
Metals, Alkaline Earth elements, Iron, Aluminium and Transition Metals.
The instruments used for this kind of coupling have been:
- AD20 spectrophotometric detector used in the absorbance mode
- the MetPac™ CC-1 chelating column
- the TMC-1 cation exchange column
- the Ion Pac CS5A analytical column with its Ion Pac CG5A guard-column

a GP50 gradient pump, which controls the valves and all the steps of the chelation process
- a GP40 gradient pump, which controls the HPIC analytical separation
- a DXP-1 pump which fills in the sample loop (2.5 ml).
The elimination of Alkali and Alkaline Earth metals from the matrix is based on the
nonselective property of the MetPac CC-1 chelating resin for these elements. The weakly
retained Alkali and Alkaline Earth Metal ions are separated from other elements using
ammoniun acetate. The selective removal of Iron, Aluminium, and Transition Metals is based
upon the metal chloride formation induced by a water-miscible organic eluent, for example, a
hydrochloric acid/ethanol mixture. This eluent not only promotes the formation of metal
chloride complexes, it also decreases the distribution coefficient of the metal complexes on
the cation exchange resin. Thus, the relatively stable metal chloride complexes of Iron,
Aluminium, and most Transition Metals are selectively removed from the TMC-1 cation
exchange column using hydrochloric acid/ethanol eluent. On the other hand, the Lanthanide
Metals form less stable metal chloride complexes and are retained quantitatively on the TMC-
1 column. Therefore, by using the optimal concentration of hydrochloric acid/ethanol eluent,
Lanthanide Metals are selectively concentrated on the cation exchange column, while the
majority of Iron, Aluminium, and Transition Metals are eliminated [3].

The separation of Lanthanide Metals is accomplished by anion exchange of lanthanide-
chelator complexes. By using PDCA as an eluant chelator, the concentrated Transition and
Lanthanide Metals are eluted from the TMC-1, as metal-PDCA complexes, to the Ion Pac
CS5A column. Transition metals form stable mono- or divalent anionic complexes with
PDCA, while Lanthanide metals form stable trivalent anionic complexes with PDCA. The
resulting ionic charge differences between the Lanthanide and Transition Metals permit
separation of the Transition metals while the Lanthanides are retained in the CS5A column.
As it can be seen from Figure 13, the chromatographic separation between the group of
Transition Metals (on the left of the chromatogram) and the group of the Lanthanide Metals
(on the right of the chromatogram), has been achieved, but the chemical separation among the
Lanthanides is not acceptable. The results could be optimised with a suitable gradient
programme for the separation process.
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FIGURE 13 - Chemical separation between the Transition Metals and the Lanthanides.

b) Alternative preparation of the synthetic cement matrix

This procedure consists in the dissolution of cement followed by separation of Calcium and
Silica from the solution itself: 7 ml of Lanthanides standard solution and 3 ml of concentrate
HCl are added to 200 mg of R425 Pozzolanico cement. The complete dissolution of the
cement is obtained by heating the mixture. Concentrate NH4OH is then rapidly added to
precipitate Lanthanide hydroxides, while Ca and Si remain in the solution. This precipitate is
separated by means of a WHATMAN 40 filter, which is again and again washed with
deionised water up to no alkaline reaction. The precipitate can be again dissolved with HCl
and diluted to a final volume, ready for Lanthanides analysis. Calcium perhaps remained in
the solution can be removed by means of Dionex OnGuard-H cartridges. During the
preparation of the matrix, some flocculations can be observed, but these don't influence the
concentration of the Lanthanides present in the solution, as atomic absorption tests
demonstrate.
The matrix solution obtained with this method has a concentration of 10 g of cement for litre
of solution (respect to 0.24 g of cement/litre previously obtained by dilution).

With the latter method of sample pre-treatment, the chemical separation of the elements and
the detection of the two radionuclides have been acceptable, but good reproducibility of
results has not been assured.

34



AU

0.2

0.1

0.0

Eu
Gd

Sm

I I
1 i i r j i n F i i i i t i i i i i n i i i I i r i r i i I i i j i i i i I i ( i i |

0 2 4 6 8 10 12 14 16 18
Minutes

100
CPM

75-

50-

25-

1

Ce141

2 3 4 5 6 7 8

Eu152
I

9 10 11 12 13 14 15 16 17 mm

FIGURE 14 - Chemical separation and simultaneous radiochemical detection of several
Lanthanide Metals added to a high salt level solution.

2.5.5.2 151Sm detection

A successful result has been obtained in the detection of one of the Hard to Measure
Radionuclides, i.e. 151Sm. This fission product, important for the radiological inventory, is
very difficult to be determined because of its very low p-emission energy (21.5 KeV).
Furthermore, it doesn't exist in the market as standard certified radioactive source, so it is
very hard to run reference tests for its quantitative analyses. About this problem, 151Sm
reference standard, with known chemical and radiochemical contents, has been obtained from
a real radioactive waste by means of commercial chromatographic columns such as Eichrom-
Tru- Spec™ [4]. The chemical content has been determined by means of Atomic Absorption
methods, while 151Sm nuclide content has been determined with y-spectrometry.
151Sm detection in a real radioactive waste solution, has been performed after the separation of
the Lanthanides from the matrix, by means of chromatographic extractions similar to those
used for the standard preparation, and then using the same instrumental configuration already
used for the Transition Metals.
In the same analysis, 152Eu, has been detected too.
The radiochemical detection of two Lanthanides (151Sm and 152Eu) in a real radioactive waste
solution is showed in Figure 15.
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(mn)O

Figure 15 - Radiochemical detection of 151Sm and 152Eu contained in a real radioactive
waste, after Lanthanides separation with commercial chromato graphic columns.

The method just described hasn't been used yet in routine conditions for the determination of
Lanthanides.
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3 CONCLUSIONS

A general balance of all the work carried out, shows that the main tasks proposed by the
research programme have been achieved, even if some difficulties have occurred.
The coupling of the High Performance Ion Chromatograph with the Liquid Scintillation
Counter has been successfully performed. The new apparatus HPIC-LSC, suitably remotised
in order to operate in safe conditions, has permitted to define several analytical protocols that
include the best conditions for the chemical separation and the radiochemical detection of the
nuclides of our interest. The protocols are reported at the end of this report.
About the protocol for the common anions detection, the method for the elements listed in the
table is sure and extremely sensitive.
The method for the determination of Alkaline and Alkaline-Earth Metals and that for the
determination of Transition Metals in high salt content solutions do not present any
remarkable problem.
The method for the separation of Lanthanide Metals is not sure at all. First of all, there is not a
real reproducibility of the results, which is very important for the univocal identification of the
single radionuclide. The problems identified during the experimental work, have been
principally caused by matrix effects and interference on the radionuclide detection.
Ion Chromatography has revealed to be an useful tool for one-step multi-element chemical
separations with a high resolution. However, the analytical columns are often overloaded by
solution compounds. The solutions need to be pre-treated, before their injection in the
separation system. Several procedures have been developed to solve the problems caused by
the high content of salt in the solution, but not always good results have been achieved.
The Chelation IC technique which combines a sample pre-treatment system with the Ion
Chromatograph has not been successful at all. Even though the sample pre-treatment for the
matrix interference elimination has reduced the chemical separation and the radionuclide
measurement to a single-step, the procedure has resulted time consuming and the results have
not been as expected.
The detection limits of the elements present in high salt level solutions can be improved.
After general operative conditions have been found, it is now necessary to make them better.
In particular, new gradient programmes for the eluants have to be studied and the new
analytical methods can be optimised in order to use them for routine characterisation of real
radioactive wastes.
The costs of the instruments, higher than those used in the traditional methods, can be
amortised with the reduced time of work and the very small quantities of secondary wastes
produced.
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• Common anions

Application: synthetic cement solution obtained from the dissolution of R425 Pozzolanico
cement by acid attacks in MILESTONE 1200 microwave oven with 38% HC1 and a 1:1
mixture of 65% HNO3 and 50% HBF4. The solution is 1:150 diluted in order to reduce its
acidity. The content of cement injected into the analytical column is 0.24 g/1.

Instrumental
conditions

Separation
system

Detection
system

Dionex Ion Pac AS 14 column and Ion Pac AG14 guard-column;
eluant: 3.5 mM Na2CO3 + 1.0 mM NaHCO3; eluant flow rate: 1.2
ml/min; sample-loop: 50 ul.
Dionex ED 40 Electrochemical detector in the suppressed

Liquid Scintillation Counter Packard 525 TR; scintillation
cocktail ULTIMA-FLO M at a flow rate of 2.4 ml/min; detection
cell volume: 0.5 ml.

Anions
Chemical Detection Limit Radioactive Detection Limit

(B^/ml)

CI-
0.8

Br" 0.8

48

NO/
PO7

0.9_ _

Data Processing: qualitative information is contained in the analyte retention time and in the radionuclide
spectrum profile. Quantitative information is obtained from the area under the chromatographic and radiochemical
peaks. The necessary information for the calculation of the element concentration and activity, is given by the
instrumental more level calibration carried out with known composition standard solutions. The chemical
detection limit is the blank signal plus three times the deviation standard of the blank. The radioactive detection
limit is given by three times the square root of the blank in correspondence of the element retention time.
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The chemical separation of common anions and the detection of 36C1 in a high salt
content solution.
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• Technetium

Application: synthetic cement solution obtained from the dissolution of R425 Pozzolanico
cement by acid attacks in MILESTONE 1200 microwave oven with 38% HC1 and a 1:1
mixture of 65% HNO3 and 50% HBF4. The solution is 1:150 diluted in order to reduce its
acidity. The content of cement injected into the analytical column is 0.24 g/1.

Instrumental
conditions

Separation
system

Dionex Ion Pac AS 14 column and Ion Pac AG14 guard-column;
eluant: 3.5 mM Na2CO3 + 1.0 mM NaHCO3 + 0.8 g/1 4-
cyanophenol; eluant flow rate: 2.0 ml/min; sample-loop: 50 ul.

Detection
system

Dionex ED 40 Electrochemical detector in the suppressed

Liquid Scintillation Counter Packard 525 TR; scintillation
cocktail ULTMA-FLO M at a flow rate of 4.0 ml/min; detection
cell volume: 0.5 ml.

Oxy-complexes

CKV
ReCV

fc64"

Chemical
Detection Limit (mg/1

23

Radioactive

2.7 360
Data Processing: qualitative information is contained in the analyte retention time and in the radionuclide
spectrum profile. Quantitative information is obtained from the area under the chromatographic and radiochemical
peaks. The necessary information for the calculation of the element concentration and activity, is given by the
instrumental more level calibration carried out with a known composition standard solutions. The chemical
detection limit is the blank signal plus three times the deviation standard of the blank. The radioactive detection
limit is given by three times the square root of the blank in correspondence of the element retention time.
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The chemical separation of several oxy-complexes and the detection of "Tc in a high salt
content solution.
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• Alkali and Alkaline Earth Metals

Application: synthetic cement solution obtained from the dissolution of R425 Pozzolanico
cement by acid attacks in MILESTONE 1200 microwave oven with 38% HC1 and a 1:1
mixture of 65% HNO3 and 50% HBF4. The solution is 1:150 diluted in order to reduce its
acidity. The content of cement injected into the analytical column is 0.24 g/1.

Instrumental
conditions:

Separation
system

Detection
system

Dionex Ion Pac CS12A column and Ion Pac CG12A guard-
column; eluant: Methanesulfonic acid (MSA) 20 mM; eluant
flow rate: 1.0 ml/min; sample-loop: 50 pi.
Dionex ED 40 Electrochemical detector in the suppressed

Liquid Scintillation Counter Packard 525 TR; scintillation
cocktail ULTIMA-FLO M at a flow rate of 2.0 ml/min; detection
cell volume: 0.5 ml.

Cations Chemical Detection Limit Radioactive Detection Limit
(Bq/ml)

Data Processing: qualitative information is contained in the analyte retention time and in the radionuclide
spectrum profile. Quantitative information is obtained from the area under the chromatographic and radiochemical
peaks. The necessary information for the calculation of the element concentration and activity, is given by the
instrumental more level calibration carried out with a known composition standard solutions. The chemical
detection limit is the blank signal plus three times the deviation standard of the blank. The radioactive detection

limit is given by three times the square root of the blank in correspondence of the element retention time.
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The chemical separation of several alkali and alkaline-earth metals and radiochemical
detection of Cs137, Ca45 and Sr90 added to a high salt content solution.
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• Transition Metals

Application: synthetic cement solution obtained from the dissolution of R425 Pozzolanico
cement by acid attacks in MILESTONE 1200 microwave oven with 38% HC1 and a 1:1
mixture of 65% HNO3 and 50% HBF4. The solution is 1:150 diluted in order to reduce its
acidity. The content of cement injected into the analytical column is 0.24 g/1.

Instrumental
conditions:

Separation
system

Detection
system

Dionex Ion Pac CS5A column and Ion Pac CG5A guard-column;
eluant: PDCA 7 mM; eluant flow rate: 1.2 ml/min; sample-loop:
50 til.
Dionex AD 20 Spectrophotometric detector at a wavelength of
530 nm.
Liquid Scintillation Counter Packard 525 TR; scintillation
cocktail ULTIMA-FLO M at a flow rate of 2.4 ml/min; detection
cell volume: 0.5 ml.

Transition
Metals

Chemical Detection Limit

Cu 0.7

Radioactive Detection Limit
(Bq/ml)

200

0.4 340
Znz

Co2
0.5
0.2
0.3_

280
Data Processing: qualitative information is contained in the analyte retention time and in the radionuclide
spectrum profile. Quantitative information is obtained from the area under the chromatographic and radiochemical
peaks. The necessary information for the calculation of the element concentration and activity, is given by the
instrumental more level calibration carried out with a known composition standard solutions. The chemical
detection limit is the blank signal plus three times the deviation standard of the blank. The radioactive detection
limit is given by three times the square root of the blank in correspondence of the element retention time.
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The chemical separation of several transition metals and the radiochemical detection of
55Fe, 63Ni and 54Mn added to a high salt content solution.
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