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Abstract Radiochemical separation of Pu, Am and U
was tested from synthetic solutions and evaporator con-
centrate samples from nuclear power plants for isolation of
each of them for alpha-spectrometry analysis. The sepa-
ration was performed by anion-exchange chromatography,
extraction chromatography, using TRU resin, and precipi-
tation techniques. The aim of the study was to develop a
sensitive analytical procedure for the sequential determi-
nation of 2Py 238py, 239+240py 241 A1 and 235 238 iy
radioactive wastes. 238Pu, 242Pu, 243 Am and %*?U were used
as tracers. The measurements of o emitting radionuclides
were performed by semiconductor detector that is used
especially when spectrometric information is needed. For
synthetic solutions the chemical recovery was based on
associated iron concentration and was about 93%.

Keywords Radiochemical separation - Alpha-
spectrometry - Radionuclides - Radioactive wastes -
Evaporator concentrate - Sequential analysis

Introduction

Final disposal of low and intermediate level (LLW and
ILW) radioactive waste have to meet certain requirements
of regulations and one of this is the specification of
radionuclide inventory of nuclear power plant. The safety
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planning for disposal takes account in special long half life
radionuclides. For the control of them in waste packages is
necessary to insure the respect of waste acceptance criteria
that are fixed in order to avoid any potential impact of the
radio contaminants on the environment of the repository
site.

Many of the important long lived radionuclides con-
tained in the radioactive waste are difficult to measure
(DTM) from outside the waste packages using non-intru-
sive techniques because they are low energy, non-pene-
trating beta or alpha emitting nuclides (i.e. non-gamma
emitters). Identification of these DTM nuclides requires
methods that, in general, involve analysis of waste samples
using complex chemical analysis to separate the various
radionuclides for measurement.

The aim of this study was to develop a rapid and sen-
sitive analytical procedure for simultaneous determination
of Pu, Am and U radioisotopes in waste samples from
nuclear power plants based on alpha spectrometry follow-
ing radiochemical separation by ion exchange and extrac-
tion chromatography.

Simultaneous determinations, where several elements
can be determined simultaneously in the same sample
preventing that calcinations and separation procedure occur
for each element, are the most desirable methods because
they are not time consuming and they are low cost. There
are several methods available for the determination of
isotopes of Pu, Am and U in environmental and bioassay
samples [1-3]. However few of them have considered
nuclear wastes samples besides iron as potential interfer-
ence in radiochemical separations [1, 4, 5].

Alpha-spectrometry is normally used for the determi-
nation of 2**Pu and **"?*°Pu. Due to the interferences, the
radionuclide of interest must be isolated of the matrix and
other interfering radionuclides before measurement. The
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separation of Pu by ion exchange chromatography is based
on the formation of anionic complexes of Pu(IV) with
NOj;™ an CI” in concentrated HNOj3; or HCl. Alpha-spec-
trometry is a more sensitive method for determination of
24 Am. However, it must be separated from matrix and
interfering radionuclides. The separation can be made by
co-precipitation of hydroxides or oxalate, solvent extrac-
tion using TIOA(triisooctylamine)/xylene, anion exchange
and extraction chromatography. Also, for uranium isotopes
alpha-spectrometry has been used for a long time, being the
technique well established and very reliable as it presents
only a few problems. Therefore each of the radionuclides
has their peculiar behavior that allows isolation and
sequential isotopic determination.

Standards solutions of Pu, Am, U, Sr, Fe and sample of
evaporator concentrate were analyzed to study the separa-
tion factors and interferences in the measurement of Pu,
Am and U isotopes.

Experimental
Reagents and apparatus

All reagents used were analytical grade. Certified radio-
nuclides were obtained from the Instituto de Radioprote¢ao
e Dosimetria (IRD), Rio de Janeiro, Brasil and the certified
activity level for each of them is: 28py (0.56 kBq), 242py
(0.02 kBq), **Am (4.20 kBq), **?U (4.26 kBq), *°Sr
(2.49 kBq) and >°Fe (2.84 kBq). Working solutions were
prepared by transferring a known weight of the tracer
followed by volumetric dilution to an appropriate working
concentration.

The alpha-spectrometry measurements were carried out
with Canberra PIPS (passivated ion implanted planar sili-
con) detectors. The alpha-energy calibration and the mea-
surement of counting efficiency of the detector were
performed using a source from Analytics Inc. Analytics
maintains traceability to the National Institute of Standards
and Technology through Measurements Assurance Pro-
grams as described in USNRC Regulatory Guide 4.15,
Rev. 1 [6]. The spectrometer used was a Canberra Model
S509 Genie-2000 Alpha Analyst.

Sample Preparation

Synthetic solutions were prepared from working solutions
of 238Pu, 243Am, 232J and >°Fe radionuclides and Fe (3 mg/
L) as yield monitor. Mixture of 40 g of evaporator con-
centrate (EC) and 238py or 242Pu, 23217 and ***Am as tracers
were prepared in a Pt crucible and heated using a hot plate
up to evaporation to dryness. After that, 20 mL of nitric
acid and 15 mL of H,O, were added into the crucible. The
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mixture was heated again up to evaporation to dryness. The
solid obtained was calcined in an oven at 850 °C for 4 h.
The residue was dissolved and for each step after addition
of acid the mixture was heated up to evaporation to dry-
ness: first, with 30 mL of 3:2 nitric acid, after, with 15 mL
of HF. Finally, the solid resultant was dissolved using a hot
plate in 100 mL of 3:2 nitric acid.

Radionuclides isolation

The radiochemical procedure [2] consists of a Pu isolation
step by an anion exchange column (Dowex 1X8, Cl-form,
100-200 mesh, Sigma Chemical Co., USA). The solution,
100 mL in 3:2 nitric acid, is passed through the column and
rinsed with 120 mL of 3:2 nitric acid. The effluent is retained
for strontium, iron, americium and uranium isolation. Pu
was removed from the column by reduction with a freshly
prepared mixture of ammonium iodide [5%(w/v)] and con-
centrated hydrochloric acid (29:71 by volume). Iodide ions
selectively reduce Pu(IV) to Pu(Ill), which is not adsorbed
on the column under these conditions and elutes.

The effluent from the anion exchange column was used
to separate Am and Sr by co-precipitation with oxalic acid
when the pH of the solution was adjusted to 5.5-6.0 with
25% ammonia solution [3]. Iron is an interfering element
for americium isolation and under these conditions in many
cases, most of the Fe remains in solution in the form of
oxalate complexes. After filtration, the precipitate was used
for americium isolation by using a TRU resin extraction
chromatography column (Eichrom Industries Inc. USA). If
iron is present before elution of the solution ascorbic acid is
added to reduce Fe(III) to Fe(ID).

The filtrate retaining uranium and iron fractions was
heated to dryness and the solid was dissolved in 30 mL of
concentrate nitric acid and heated to dryness to destroy the
excess of oxalic acid. The solid obtained was hot dissolved
in 30 mL of 3:2 nitric acid and was diluted to 200 mL with
deionized water. The pH of the solution was corrected to 9.0
with ammonia hydroxide for co-precipitation of iron
hydroxide and uranium. The precipitate was filtered and the
filtrate was dissolved in 20 mL 9 M HCI. They were sep-
arated by anion exchange column (Dowex 1X8, Cl-form,
100-200 mesh, Sigma Chemical Co., USA) that was loaded
with the solution and either was stripped iron with 50 mL of
8 M nitric acid and uranium with 100 mL of 0.1 M HCI.
The flow chart of combined procedure for the determination
of Pu, Am and U radionuclides is shown in the Fig. 1.

Determination of Pu, Am and U
Determination of Pu, Am and U was carried out by using

alpha-spectrometry. Solutions of the isolated radionuclides
were evaporated to dryness and dissolved in a mixture of
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Fig. 1 Flow chart of combined
procedure for the determination

- . Step 1: plutonium isolation
of Pu, Am and U radionuclides

Sample preparation
Tracers and carriers addition
Evaporation to dryness

HNO3 + H202 - evaporation to
dryness

Calcination

HNO:s3 - evaporation to dryness
HF - evaporation to dryness
100 mL of 3:2 HNO3

Ion exchange resin
Dowex (1X8, 100-200)

effluent / \r&lumn

Solution A
Am,U, Fe and Sr

Elution of Pu with
NHa4l and HC1

Step 2: Americium isolation

l electrodeposition
Alpha-spectrometry
Pu-238, Pu-239+240
Pu-242

Solution A — incipient evaporation
200 mL of Oxalic acid
pH adjusted to 5.5 - 6.0

/ \recipitate

filtrate

2 M HNO3
Ascorbic acid addition
TRU Column

Solution B
U and Fe

Step 3: Uranium isolation

precipitate

column

Elution of Am with 4
M HCI

efflueng

Sr,
LSC

l electrodeposition

Alpha-spectrometry

Solution B

Evaporation to dryness
HNO3 — heated to dryness
Dissolved in 3:2 HNO3
pH 9 with NH4OH
precipitation

Am-243, Am-241

filtrate

9 M HCl
Ion exchange resin
Dowex 1X8, 100-200

discard

/\

8 M HNO3
LSC

Elution of Fe with

Elution of U with
0.1 M HCI

nitric acid, 10 mL, and perchloric acid, 5 mL. The samples
were evaporated to dryness and retaken in a solution of
3 M H,SO4 and 0.8 M (NH,4),SO,4 with the pH adjusted in
a range of 1.2-2.8 (Thymol blue indicator) with concen-
trate NH,OH. Electrodepositions disks were prepared from
0.90 mm thick sheets of stainless steel, by machining
sections to 24.8 mm diameter planchets. The electroplating
was done at an applied current of 1.0 A for U and Am and
1.2 A for Pu for 1 h.

l electrodeposition

Alpha-
spectrometry
U-238, U-235

The counting time was 150,000 s for all samples. The
lower limit of detection (LLD) [7] was determined using
the following equation modified from Currie [8] at the 95%
confidence level for an alpha spectrometric analysis:

i 271 + 4.
LLD <pC) 271 +44.66(0p)
§

ST eff- Ywt- 222
where, o is the standard deviation of the total background
counts without sample in the chamber; T is the background
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counting time (min); eff is the counting geometry (cpm/
dpm); Y is the assumed fractional chemical yield; and, wt is
the assumed sample weight (grams). The yield and the final
activity concentration was calculated according to Vester-
backa [9].

Results and discussion

Among nuclear techniques, alpha-spectrometry offers a
high-energy resolution. The use of low background semi-
conductor detectors makes this technique particularly sen-
sitive for the measurement of very low activities of
actinides. Although the resolution of detectors for alpha-
spectrometry is good, the relatively small difference in o
particle energy between some o emitters makes it difficult
to spectrometrically separate the peaks [10]. The simulta-
neous availability of new resins improves the element
separation selectivity, particularly the development of
sequential steps to extract and purify Pu isotopes, **'Am
and U isotopes [11]. The combined high-resolution with
the good chemical separation of radionuclides of interest
makes the technique very attractive to be used for the
measurement of o emitting radionuclides.

The method used here combines the well established
procedure for Pu analysis based on anion exchange, the
application of the TRU-Spec column for separation and
purification of the Am fraction and the anion exchange for
U isolation. In order to determine chemical recovery of Pu,
the evaporator concentrate was spiked with a known
activity of 242py or 22%Pu. The chemical recoveries [7] for
Pu are usually higher than 60% and show narrow disper-
sion. In the analysis for Am a crucial point lies in the
influence of Fe(Ill) on the Am uptake on TRU-Spec col-
umn. For synthetic solutions, the recovery of Fe(Ill) were
about 93%. That is, following the separation procedure part
of the iron co-precipitate with calcium oxalate. In this case
ascorbic acid was used to reduce Fe(III) in nitric solutions.
The reduction of Fe(III) allows the maximum retention of
americium on the stationary phase [3].

The experiences with synthetic solutions provided a way
to compare alpha-spectra obtained for radionuclides with
the aim of their isolation and characterization, due to the
high resolution of the PIPS detector. For the radionuclides
tested in synthetic solutions using 238py 242py, 2 Am and
232U, the separation process produces high-quality spectra
in terms of good energy resolution and without interference
lines. Typical spectrum obtained by alpha-spectrometry
after isolation of Pu isotopes, for a sample of evaporator
concentrate spiked with 242Pu, 243 Am and >*2U is shown in
the Fig. 2.

There is a good separation of the radionuclides present
in the initial sample. The resolution of alpha-spectra is
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Fig. 2 Spectrum of ****2*°Py and ?**Pu and >*?Pu as tracer obtained
in the sequential analysis of evaporator concentrate for Pu, Am and U
for sample 1 aliquot 40 g

25.63 keV at 4.908 MeV for the ***Pu peak, 26.41 keV at
5.512 MeV for the ***Pu peak and 38.29 keV for the
239+240py peak in terms of the full width at half maximum
(FWHM). These resolutions were obtained without oxida-
tion state adjustment [12]. Besides, it is noticed that there
are no peaks that can be marked to Am or U, the others «
emitting radionuclides presents in the initial sample.

For one typical sample of EC, the results for a sequential
analyses of 235Py, 239+240py 242y 24 A 235 554 Uy 238y
are shown in Table 1. When the real samples were ana-
lyzed for these radionuclides there is not any interference
in the measurement by alpha-spectrometry. The alpha
spectra from the Pu fractions have good resolution (40-50
FWHM) and show neither Am or U contamination. The
disintegration rate of the analyte activities in each sample
is calculated on the basis of the known tracer activities
added to the sample. In general, for evaporator concentrate
samples the values found for activity of the radionuclides
were always larger than the LLD.

Table 2 shows activities for **72*°Pu and ***Pu and
their radiometric yields as a result of analyses using the
242py as tracer for different samples. Although evaporator
concentrate as reference material certified for them had not
been used, the recoveries of Pu isotopes in the process of
analyses are measured by radiometric yields of the tracers
spiked in the samples. The accuracy of the determination of
Pu isotopes in the samples directly depends on the uncer-
tainty in the ***Pu tracer concentration value. Thus, the

Table 1 Results for a sequential analysis of radionuclides for a
sample of evaporator concentrate (EC)

EC Sample 2 Radionuclide Activities (mBq/g)
239+240py 0.551 £ 0.044
Z38py 0.346 £ 0.036
2 Am 1.04 &+ 0.16
B5y 0.080 & 0.017
B8y 0.154 + 0.058
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Fig. 3 Spectrum of **72*Py with **®*Pu as a tracer for sample 1

standard solution of certified radionuclides (IRD) was used
to prepare diluted solutions to appropriate concentration. In
spite of this, according to the values presented in Table 2
the radiometric yield varied for three replicate determina-
tions. The great difference of the yields and the high rel-
ative standard deviation for determinations are probably
coming from individual analysis method of the nuclide [2]
and the natural heterogeneity of evaporator concentrate
from nuclear power plants [13], respectively. Anyway, the
tracer recovery combined with high-resolution ensures a
good reliability of the measurement, even at very low
levels.

We can compare the spectrum shown in Fig. 2 with two
spectra obtained in different situations: first, the lack of the
peak for the >**Pu was observed when the tracer is changed
for 238Pu, Fig. 3; and, second, keeping the same activity for
the tracer but changing the initial volume taken for the
sample of 40 g to 100 g, Fig. 4.

For the second case the specific activities and FWHM
are shown in the Table 3. That is, a large sample volume of
evaporator concentrate was not required for the analysis,
but significantly smaller volume was enough to determine
the activities for Pu isotopes. Therefore, this method makes
it possible to use smaller amounts of hazardous material
with minimum waste generation.

In this study, Pu, Am and U were analyzed by radio-
chemical separation followed by alpha-spectrometry spec-
tra with good resolution. The method of sequential analysis
provided an excellent purification of each radionuclide.
Therefore, further improvements of the method are fore-
seen as it is necessary to develop accurate and reliable
methods for the determination of actinides in the low and
medium radioactive wastes that arise from nuclear power
plants.
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