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Abstract

- Héctor Bagan® - Alex Tarancén®* - José F. Garcia® - Josefina Ortiz' - Sofia Carlos? -

This study describes a rapid and novelty method for radiostrontium determination in aerosol filters and vegetation based on
the use of plastic scintillation resins (PS resin), which combines the separation and measurement preparation into a single
step. The optimization of the pre-treatment steps and the use of PS resin allows a simplification of the radiochemistry and a
reduction in the time of analysis to 8 h and 12 h for aerosol filters and vegetation, respectively. The limits of detection were
on average 0.04 Bq (filter)™! and 3 Bq (kg-fresh)~'. The method obtained high recoveries (82% on average) and relative bias
for total radiostrontium were below 30%. Individual activities of ¥*Sr and *°Sr were obtained by deconvolution methods.
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Introduction

Radiostrontium isotopes (®Sr and *°Sr) are artificial radio-
nuclides produced in nuclear reactors as fission products, but
are also used in radioactive facilities as calibration sealed
sources for different equipment (*°Sr) and aqueous sources
for bone cancer treatment in hospitals (®°Sr). Accidents
in these nuclear and radiological facilities or malevolent
acts using radiological dispersal devices (RDDs) or “dirty
bombs”, and improvised nuclear devices (INDs), can spread
radiostrontium isotopes in the environment [1]. Atmospheric
releases to the environment range from 0.04—13 PBq to 115
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PBq for 3°Sr, and 0.003-0.14 PBq to 10 PBq for *°Sr, in
Fukushima and Chernobyl accidents respectively [2, 3].

Due to relatively long half-lifes, especially *°Sr
(T,/,=28.79 years) and the high energy of the beta parti-
cles emitted (°°Y, 2.28 MeV, from *°Sr, 0.55 MeV; and *°Sr,
1.50 MeV), they must be controlled from the point of view
of radiological and environmental protection. In particular,
population and animals can inhale radiostrontium present in
aerosols, and animals can incorporate it by ingestion of the
vegetation and migrate through the food-chain representing
also an important risk.

In the environmental radiological surveillance programs
in Spain (PVRA and REVIRA) supervised by the Spanish
Nuclear Safety Council (CSN, in Spanish), radiostrontium
is controlled in different environmental matrices (aerosol
filters, water, vegetation, soil, milk and food). Moreover, the
European Regulations limit their activity in food and feed
following a nuclear accident or any other case of radiologi-
cal emergency [4], and the US EPA established Analytical
Action Levels (AALs), Analytical Decision Levels (ADLs)
and Required Method Uncertainties (uyg) for their activities
in water [5], air [1] and soil samples [6]. In all cases, the
limits are more restrictive for 2°Sr, due to its longer half-life
and the additional contribution of *°Y.

Pure beta emitters, such as °Sr and °Sr, require a
radiochemical separation prior to measurement and differ-
ent methods for radiostrontium determination have been
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proposed in the literature [7, 8]. However, in case of emer-
gency there is a need to develop rapid methods.

Different rapid methods for radiostrontium determination
in aerosol filters and vegetation have been proposed in the
literature [9—15]. A similar pre-treatment of the sample is
performed, consisting on an acid digestion with HNO;, HCI,
H,0, and HF in an open vessel or microwave digester. In
more complex samples microwave digestion is preferred to
assure the complete dissolution of the sample [16], and in
some methods a previous calcination of the sample is pro-
posed to remove the organic matter and reduce the sample
size [9, 11-14]. Moreover, apart from an open vessel diges-
tion method [17], the US EPA proposed a fusion method
with sodium carbonate for rapid dissolution of organic and
glass-fiber filters [18]. Similarly, Maxwell et al. [10] dissolve
vegetation samples by calcination and alkaline fusion with
sodium hydroxide.

After dissolution, coprecipitation of strontium and cal-
cium oxalates can be performed to concentrate alkaline earth
elements, and some authors add Ca®* carrier (20200 mg) to
improve strontium precipitation [9, 12]. Chobola et al. [11]
proposed a Sr preconcentration in aerosol filters by cation
exchange resins, and Maxwell et al. [14] carried out a lan-
thanum fluoride precipitation to eliminate part of the matrix
interferents in the sequential separation of Sr and actinides
in vegetation samples.

Regarding the separation step for isolation of strontium
isotopes, currently the use of selective strontium chroma-
tographic extraction resins is widespread [9-12, 14, 15].
Finally, gas flow proportional counting, scintillation count-
ing or Cherenkov counting can be used for measurement.

The time of analysis is the most important factor to con-
sider in case of emergency. Rapid methods found in the lit-
erature for radiostrontium determination in aerosol filters
extend from 4 to 32 h, being the fastest method the one
developed by Maxwell et al. [10]. On the other hand, radi-
ostrontium determination in vegetation is more complex,
with a duration that ranges from 8 to 72 h, being the fastest
method the one developed by Maxwell et al. [14].

In addition, in case of the presence of %Sr and *°Sr
both peaks are going to be overlapped in the spectrum due
to the continuous nature of the beta-ray spectra. For this
reason, a separation technique needs to be applied for the
individual quantification of each isotope in the less time
possible. In the literature, there are different techniques for
the separation of mixtures of beta spectra: window tech-
niques, based on establishing different counting windows
to determine the individual activity of each isotope [22];
multivariate calibration techniques, where partial least-
squares (PLS) or principal component analysis (PCA) are
used to develop models which can be used to predict the
activities of unknown samples [23]; and spectrum decon-
volution techniques, based on adjusting the shape of the

@ Springer

individual spectra of the isotopes of interest to define
mathematical functions and separate each signal [24-26].

In order to give a fast response in case of emergency,
our approach is to optimize the pre-treatment steps for
aerosol filters and vegetation samples, and to use plas-
tic scintillation resins (PS resin) for strontium in the
separation step. PS resins are based on plastic scintillator
microspheres coated by a selective extractant, and unify
chemical separation and sample measurement prepara-
tion in a single step [19, 20]. The main advantages are the
reduction in time, effort and reagents required for analysis,
because PS resin can be measured directly by scintillation
counting. Moreover, unlike Liquid Scintillation (LS), no
mixed waste is generated. The suitability of the PS resin
for emergency situations was also demonstrated by the
authors with the rapid method recently developed for radi-
ostrontium determination in milk samples [21]. In addi-
tion, a deconvolution methodology is proposed, and the
performance of three techniques, based on Fourier series,
Legendre polynomials and Laguerre polynomials, to cal-
culate the individual activities of ¥Sr and *°Sr in a sample
with a mixture of both were compared. Several types of
aerosol filters and vegetation samples spiked with differ-
ent proportions of 3°Sr and *°Sr, and a reference material
were employed to test and validate the method and the
calibration system.

Experimental
Reagents and materials

All the reagents used were of analytical or reagent grade
and standard solutions of ¥Sr and *°Sr/*°Y were supplied
by Physikalisch-Technische Bundesanstalt (Braunschweig,
Germany) and Amersham plc (Amersham, United King-
dom), respectively.

The plastic scintillation resins (PS resin) used in the
study were produce by the Department of Chemical Engi-
neering and Analytical Chemistry of the University of Bar-
celona. They are composed of plastic scintillation micro-
spheres of 60 um coated by a solution of DtBuCH18C6 in
1-octanol, in a proportion of 1:1/8 (PSm:extractant). For
separation, 1.5 g of PS resin introduced in 2 mL solid-
phase extraction cartridges (SPE cartridges) and a 12
position vacuum box from Triskem International (Rennes,
France) were used. Both plastic scintillation microspheres
and PS resin were prepared following procedures previ-
ously described by the authors [19-21]. The cartridges
were measured within 20 mL polyethylene vials from
PerkinElmer (Waltham, Massachusetts, USA).
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Aerosol filters and vegetation samples

Nitrocellulose filters of 47 mm diameter and 0.8 um pore
size (MF-Millipore™) and Glass microfiber filters of 47 mm
diameter and 1.2 pum retention (Filter-Lab) with an average
residue of 10 mg in 1 week of air sampling were analysed.
Different types of common vegetation in the Mediterranean
forest were also considered. In particular, terrestrial vegeta-
tion (grass), bushes (rosemary) and aerial vegetation (pine
needles).

An intercomparison sample of Spruce needles (Sample
04) in the IAEA-TEL-2016-03 worldwide open proficiency
test was analysed to validate the method.

Equipment

A Quantulus 1220 (PerkinElmer) of the Universitat Politéc-
nica de Valéncia was the scintillation spectrometer used in
the study. Strontium analysis were performed on an AAn-
alyst 100/300 Atomic Absorption Spectrometer (Perki-
nElmer) in the laboratories of the Universitat Politécnica de
Valéncia, and the elementary analysis was performed on an
Optima 8300 ICP-OES spectrometer (PerkinElmer) in the
laboratories of the University of Barcelona. A muffle furnace
LKN 85 (Nannetti) was used for ashing the samples, and a
microwave digestor Multiwave GO (Anton Paar) for dissolv-
ing the samples. A centrifuge Mixtasel BLT (J.P. Selecta)
was used to centrifuge 50 mL polyethylene falcon tubes.

Procedure

The procedures used to analyse aerosol filters and vegetation
samples are composed of four steps: dissolution of the sam-
ple; concentration of strontium and alkaline-earth elements;
separation by PS resin; and measurement in an scintillation
counter. A complete scheme of the procedures are shown
in Fig. 1.

Sample separation and measurement

In case of aerosol filters, a rapid calcination step is per-
formed (30 min., 450 °C) in 250 mL porcelain crucibles
with lid to destroy the cellulose filter and/or the organic
matter present in the residue. Glass microfiber filters are
not destroyed, but the elimination of carbon compounds
improves the following dissolution. After calcination, the
ashes are completely dissolved by microwave digestion fol-
lowing the steps shown in Table 1. Glass microfiber filters
are cut into eight pieces before inserting them in the ves-
sel. After step 2, the sample is evaporated to dryness to
remove HF, and the residue is dissolved in diluted nitric
acid and filtered in a 0.1 pm (pore size) in case some resi-
due remains. The amount of 5 mg of strontium carrier (as

Sr(NO3), solution) optimized in the previous study [21] is
added in order to obtain the chemical yield in the separation,
and 50 mg of Ca* carrier to improve the following oxalates
co-precipitation due to the low amount of calcium in the
aerosol filters. Some of the samples are also spiked with
2081/°Y and/or ¥Sr tracers to test the method. The samples
are then homogenized on a hot plate by stirring with a mag-
netic stirrer for 15 min. Oxalate precipitation is performed
to separate strontium and other alkaline-earth metals from
other groups. After heating, 2 g of oxalic acid are added to
the solution and mixed for 5 min. The pH is then adjusted to
2-3 with ammonia, and the precipitate formed is centrifuged
at 4200 rpm for 5 min and dissolved in 10 mL 6 M HNO;
(sample to pass through the PS resin) with the aid of a hot
water bath to facilitate dissolution. An aliquot of the sample
is taken to determine the chemical yield in the pre-treatment
step by measuring strontium content by AAS or ICP-OES.

The pre-treatment steps for vegetation are similar, but in
this case the calcination step is more complex. Routine meth-
ods perform a 24-48 h calcination step, but they can not be
used in case of emergency where a fast response is needed.
After testing different combinations of sample amount and
temperature ramps, the selected conditions are: 5 g of fresh
sample in each 250 mL porcelain crucible (a total of 10 g
per sample) and two temperature ramps (25-250 °C, 1 h;
250 °C, 15 min.; 250-600 °C, 15 min.; 600 °C, 1 h) with
a total duration of 2.5 h. Then, the ashes are dissolved by
microwave digestion with the same protocol as the aerosol
filters (Table 1). However, the ashes are split in three vessels
(approximately 0.1 g in each vessel) to assure their complete
dissolution. In case of vegetation, natural strontium content
could be significant and it is determined by AAS or ICP-
OES before adding the carriers to avoid systematic errors
in the recovery. The oxalate precipitation is performed after
adding Sr** and Ca** carriers, and *°Sr/°°Y and/or ®Sr trac-
ers in some samples. Then, the precipitate is dissolved in
10 mL 6 M HNOs; to pass through the PS resin.

After sample pre-treatment in both methods, strontium
isotopes (®Sr and *°Sr) are isolated from other interferents
present in the sample (mainly calcium) and *°Y (in case
of %°Sr presence) by PS resin. The separation steps were
optimized in the previous study [21], and consist of loading
the sample after the PS resin conditioning with 2 mL. 6 M
HNO;. Then, the resin is rinsed with 2 mL. 6 M HNO; (2
times) and 2 mL 6 M LiNO; (2 times) to remove the main
interferents and avoid chemiluminiscence in the measure-
ment due to the presence of nitric acid in the cartridge [20].
The flow rate is about 1 mL-min~' in all cases. The load
sample and all the rinses are collected in a 50 mL centrifuge
tube and the strontium concentration is measured by AAS or
ICP-OES. The difference between the strontium content in
the sample solution and the waste gives the separation yield
in the cartridge. Finally, the cartridge is placed in a 20 mL
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Fig. 1 Detailed procedure and Aerosol filters
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polyethylene vial and is directly measured in a Quantulus
1220 detector. Counting times were 60 min (3 cycles of
20 min) for the blank and the active samples and 10 min for
the external standard gamma source to determine the Stand-
ard External Quenching Parameter (SQP(E)). In all cases,
the cartridges were measured immediately after separation
to avoid in growth of daughter radionuclides.
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Regarding the time of analysis, the main differences
between the methods for aerosol filters and vegetation are
due to the time employed in the pre-treatment. The calcina-
tion step is longer in case of vegetation samples due to the
higher organic content. Moreover, the volume in the evapo-
ration step is three times higher than the volume in aerosol
filters. For this reason, the aerosol filters pre-treatment lasts



Journal of Radioanalytical and Nuclear Chemistry (2019) 322:1397-1408

1401

Table 1 Dissolution steps of aerosol filters and vegetation by micro-
wave digester Multiwave GO de Anton Paar

Method  Dissolution Ramp (min) Tempera- Time (min)
ture (°C)
Step 1 8 mL HNO; + 15 100 4
2 mL HCI + 15 165 8
2 mL H,0,
Step 2 + 2 mL HF 10 150 5

approximately 5.5 h, while for vegetation is 9.5 h. However,
the time needed for PS resin separation is only 1 h, and
for measurement and results calculation 1.5 h. Therefore,
the time for radiostrontium separation in aerosol filters and
vegetation is 8 h and 12 h, respectively.

Calibration standards

To determine the calibration efficiencies of the equipment,
six standards with different activities of ¥Sr (0.7 Bq to
29.5 Bq), six standards containing different activities of
%0Sr (1 Bq to 31 Bq) and three blank samples were pre-
pared. They were separated with PS resin and measured in
the scintillation counter for 60 min. In all cases, the samples
contained 5 mg of Sr** to obtain the recovery in the sepa-
ration. Individual efficiencies for samples containing only
one of the isotopes (*®Sr or PSr) in the window (100-800)
and combined detection efficiency for total radiostrontium
as the mean of the individual efficiencies were calculated. In
addition, six standards with different ratios of 3°Sr:Sr (1:1,
2:1, 5:1, 1:2, 1:5, 1:7) were prepared to verify calibration.

Data treatment and calculations

In case of a mixture of *Sr and °Sr, two options of cal-
culations were employed: a system for total radiostrontium
(®Sr+°Sr) calculation, and a deconvolution system for 89sr
and *°Sr individual activity calculation.

Total radiostrontium activity (3’Sr+°°Sr) in the samples
was calculated by the following expression:

CPMgample — CPMplank

Ef - R, - R,

A(¥Sr+°Sr) = 100 (1
where cpm are the counts per minute of the sample or the
blank, Eff is the combined efficiency of 89Sr and *°Sr or the
individual efficiency when only one radionuclide is present
in the sample, R, is the pre-treatment recovery and R, is the
PS resin retention.

Pre-treatment recovery (R ) was calculated from the per-
centage ratio between the total amount of Sr** contained in
the sample after adding the Sr’>* carrier and the amount of
Sr** contained in the solution before being passed through

the PS resin. In case of the vegetation, the natural Sr** con-
tent measured by ICP-OES or AAS has to be taken into
account in the calculation; in aerosol filters the contribution
is negligible. PS resin retention (R,) was calculated from the
percentage ratio between the amount of Sr** contained in the
PS resin (that is the difference between the amount of Sr>*
contained in the solution before being passed through the PS
resin and the amount of Sr>* contained in the wastes eluted
from the SPE cartridge) and the amount of Sr** contained
in the solution before being passed through the PS resin.
Variance was obtained from the standard deviation of the
different samples values.

For developing the deconvolution methodology, three dif-
ferent techniques were tested to analyse their performance in
the spectral shape fitting: Fourier series [27], Legendre poly-
nomials and Laguerre polynomials [28]. The deconvolution
methodology is based on obtaining the spectral fitting of the
individual calibration standards for different activities of %Sr
and ?°Sr. As in emergency conditions the response must be
as fast as possible, a measurement time of 1 h is considered,
so the spectrum obtained contains a considerably amount
of noise that has to be removed. Therefore, the spectrum of
each radionuclide is smoothed using a Savitzky—Golay algo-
rithm with an average window of 10 points for each side [29]
and normalized (subtracting the spectrum of the equivalent
blank solution and dividing the spectrum by the net count
rate) to get an average normalized spectrum.

The activity of a certain sample is estimated assum-
ing that the spectrum measured is given by the following
expression:

Spec; = C;S,,, 2)
where §,,, is the average spectrum reconstructed and C; is
a constant coefficient depending on the activity of the sam-
ple. Such coefficients are obtained by minimizing the error
between the signal measured and the reconstructed spectrum
using as an optimization technique the Nelder-Mead simplex
direct search implemented in the “fminseach” function of
Matlab [30]. Using those coefficients, the calibration curve
of the activity versus the count rate for each radionuclide
was fitted.

Finally, the spectrum of a mixture (**Sr and *°Sr) is fit-
ted to a linear combination of the individual reconstructed
spectra as:

Specmixt = asrecSrS‘) + bSFeCSr% (3)

Being a and b constants to be determined by the fitting
process, by minimizing the error between the mixture spec-
trum and the linear combination of the individual spectra,
using “fminsearch” in Matlab. The real activity correspond-
ing to each one of the isotopes is computed using the calibra-
tion lines obtained and taking into account the total recovery
in the separation. The window selected was 100-800.
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The limit of detection (LLD) was calculated with the blank
samples following the equation proposed by Currie [31] and
previously used [21].

Results and discussion

In the following section, the study of the separation steps for
radiostrontium determinations in aerosol filters and vegeta-
tion in emergencies is presented. Regarding calibration, the
results of 3°Sr and *°Sr detection efficiencies are shown, and
the development and validation of the deconvolution system
is presented. Lastly, the method was tested and validated
with different types of spiked samples and an intercompari-
son sample from the TAEA.

Sample separation study

After an exhaustive review of the literature, the separation
steps for emergency radiostrontium analysis were selected
trying to reduce the time of analysis. The main steps are a
rapid calcination of the sample, microwave digestion, oxa-
late precipitation, PS resin separation and measurement by
scintillation counting. Then, they were tested for different
types of aerosol filters (glass microfiber and cellulose) and
vegetation (grass, rosemary and pine needles). The results
are described in the following sub-sections.

Influence of type of sample
Different types of aerosol filters and fresh vegetation sam-

ples were calcined following the optimized calcination steps
explained before. In Fig. 2 are shown the samples before

and after ashing. In glass microfiber filters only carbon
compounds are decomposed, getting an average residue
reduction of 60.2(4)%. Regarding cellulose filters, they
are completely destroyed due to their organic composition.
Vegetation samples remove their water content and organic
matter.

The ashes were dissolved by microwave digestion and the
solution was evaporated to dryness to remove HF. Then, the
samples were filtered and the residue obtained was quanti-
fied. The percentage of digestion was 95.5 (5)% for glass
microfiber filters, 98.3(1)% for cellulose filters, 93.1(10)%
for grass, 96.3(5)% for rosemary and 87.0(10)% for pine
needles. In addition, gross alpha and gross beta activity of
the residue was determined by gas flow proportional count-
ing, and the results were similar to background of the filter
(0.1 cpm for alpha and 0.8 cpm for beta). From 4 to 9 repli-
cates for each type of sample were digested.

Oxalate precipitation step and PS resin separation was
performed in three replicates for each type of sample.
Results of strontium recovery in the pre-treatment, the PS
resin retention and the total recovery are shown in Table 2.
Both, pre-treatment recoveries and PS resin separation are
higher than 90% in almost all the samples and low deviation
between replicates were obtained. The average total recover-
ies obtained range from 88 to 94% depending on the type of
sample, which confirms that the complete procedure obtains
good and reproducible recoveries for different types of aero-
sol filters and vegetation.

Elemental composition analysis

The elemental composition of the samples after microwave
digestion was determined by ICP-OES. Table 3 shows the

Fig.2 Aerosol filters and vegetation before and after calcination, in order: glass microfiber filter, cellulose filter, grass (5 g fresh), pine needles

(5 g fresh) and rosemary (5 g fresh)
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Table 2 Strontium recoveries
for different types of aerosol
filters and vegetation analysed

Type of sample

Total
Recovery (%)

PS resin
Retention (%)

Pre-treatment

Recovery (%)

with the procedure proposed Glass microfiber filter (x3)

Cellulose filter (X 3)
Grass (X 3)
Rosemary (X 3)
Pine needles (X 3)

96.7+1.7 (2%)
98.9+0.2 (1%)
88.8+8.7 (10%)
977412 (1%)
97.5+2.7 (3%)

952+1.7 (2%)
94.9+1.6 (2%)
99.0+1.0 (1%)
94.2+2.3 (2%)
95.3+2.0 (2%)

92.0+1.7 (2%)
94.0+1.5 (2%)
87.8+7.8 (9%)
92.0+2.7 (3%)
92.9+4.1 (4%)

Table 3 Natural elemental composition in total mg per sample of different types aerosol filters with 1 week of residue and 10 g of fresh vegeta-

tion

Type of sample Ca Mg Ba Zn K Na P Si
Glass microfiber filter 2.7 0.5 4.0 0.1 2.9 2.5 - - 4.9
Cellulose filter 0.7 0.2 0.01 0.01 0.02 - - - -
Grass 5.9-30.5 33-7.5 0.03-0.04 0.07-0.32 0.1-0.2 46.8-62.5 9.3-28.1 7.5-8.3 <28
Rosemary 43.4-48.0 8.6-9.3 0.04 0.46-0.49 0.2 60.6-64.9 - 6.6-6.9 <09
Pine needles 8.9-70.8 6.6-8.0 0.01-0.04 0.05-0.29 0.1-0.3 21.6-68.7 2.3-114 1.8-6.5 <12

average results obtained of strontium and other elements for
at least three replicates of each type of sample, and a range
of values in case of vegetation due to the variability in com-
position depending on the water content of fresh samples.

Regarding natural strontium content, the amount in aero-
sol filters is negligible compared to the optimized amount
of carrier added (5 mg Sr**). However, the error can be
higher than 5% (range 5-10%) in vegetation samples, thus
it is necessary to determine the natural strontium content by
ICP-OES or AAS in the sample before adding the carrier.

The main other elements in the samples are calcium,
potassium, sodium, magnesium and phosphorus in case of
vegetation, and additionally silicon in case of glass micro-
fiber filters. Calcium content is very low in aerosol filters and
very variable in the vegetation studied (from 5 to 71 mg).
For these reasons, an amount of 50 mg of Ca?* carrier was
added in all types of samples to assure strontium coprecipita-
tion with calcium oxalates.

Moreover, the behaviour of the interfering elements in the
separation steps has been studied to prove the effectiveness
of the proposed method. The average elemental composi-
tion of different aerosol filters and vegetation after oxalate
precipitate dissolution and in the PS resin waste after separa-
tion were obtained. The results obtained were similar to the
ones observed previously in milk samples [21]. The oxalate
precipitation removes most of the interferents (K, Mg, Na
and P) with average values between 95 and 100%. Calcium
(76-89%), part of barium (10-28%) and sometimes part of
magnesium (48%) precipitate with the oxalates, and they
are removed in the following PS resin separation. Calcium
retention in PS resin range from 10.7 to 29.3%, which cor-
respond to an average of 17% of retention in comparison

with the initial calcium content (natural + carrier added).
Magnesium and barium retention is negligible in most of
the samples. Therefore, the method achieves a high isolation
of radiostrontium isotopes and permit their measurement by
scintillation counting.

Calibration of 3°Sr and °°Sr detection efficiency
Influence of sample matrix on detection efficiency

Several samples of aerosol filters and vegetation spiked with
89Sr or *°Sr were analysed with the proposed method and
measured by scintillation counting to study the influence of
the sample matrix on detection efficiencies. Figure 3 shows
the same position of the spectra of #*Sr and *°Sr obtained
for different types of aerosol filters (glass microfiber and
cellulose) and vegetation (rosemary). For the optimum visu-
alization of the shape of the spectra obtained, the spectrum
acquired for each measurement was smoothed [29] and
normalized.

Average detection efficiencies for 3°Sr and *°Sr were
94(2)% (n=3) and 90(1)% (n=15) and the average quench-
ing parameter (SQP(E)) was 676(7) (n=10). For this reason,
neither quenching effect nor matrix influence is observed in
detection efficiencies.

895r and ?°Sr detection efficiency calibration
Detection efficiencies were calculated with calibration stand-
ards with different activities of ¥Sr and *°Sr and analysed

using PS resin. The real spectra are shown in Fig. 4. The
average quenching parameter was 680(12), and the average
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detection efficiencies obtained were similar to those obtained
for the real samples: 93.3(3)% and 84.8(2)% for %°Sr and
%08Sr, respectively. Combined detection efficiency of 89.1%
was applied for total radiostrontium calculations when both
isotopes are present in the sample.
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Fig. 3 %Sr and *°Sr spectra of different types of samples:
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The combined efficiency calculated was applied for six
standards with different ratios of 3°Sr/°Sr. The average
quenching parameter was 678(8). The results for total radi-
ostrontium activity (®Sr + °Sr) calculated with the com-
bined efficiency are shown in Table 4. Relative bias were
in all samples below 5%, thus the approach can be used to
calculate total radiostrontium.
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Fig. 4 89Sr and *°Sr spectra for calibration standards spiked with different activities (in Bq): 0.7, 3.0, 5.5, 8.6, 11.9 and 29.5, for 8sr: 1.0, 3.4,

5.6,9.1, 12.5 and 30.6, for *°Sr

Table 4 Relative bias for

total radiostrontium activity
(®¥Sr +°°Sr) in samples spiked
with different activities of *Sr
and *°Sr

@ Springer

Sample Ratio 3°Sr/*°Sr Spiked activity Spiked activity Measured activity ~ Relative bias (%)
8Sr (Bq) Sr (Bq) 893r+2Sr (Bq)
Sr89/90-1 1:1 6.21 5.65 11.81 -04
Sr89/90-2 1:2 6.19 12.42 18.19 -23
Sr89/90-3 1:5 6.19 30.4 35.58 -2.8
Sr89/90-4 1:7 6.14 41.63 45.7 -43
Sr89/90-5 2:1 12.22 5.64 18.2 1.9
Sr89/90-6  5:1 30.49 5.63 37.58 4.0
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Fig.5 Raw, filtered and reconstructed spectra of ¥Sr

Deconvolution method

Three deconvolution techniques were considered to estimate
8981 and %Sr activities: Fourier series, and Laguerre and
Legendre polynomials. As an example, Fig. 5 shows the
average normalized spectrum for ¥°Sr, the filtered spectrum

and its reconstruction using Laguerre polynomials. It can be
observed that the filter do not eliminate all the noise in the
spectrum, and using a reconstruction technique the noise is
completely removed.

Using Eq. (2) and after the optimization process, the cali-
bration curves are obtained (Eq. 4):

Agg0 = 0.0177 cpm + 0.0265

Ay = 0.0195 cpm + 0.0254 @)

Following the steps described above the three recon-
struction techniques were used to estimate the activity of
calibration standards spiked with different activities of 3°Sr
and *°Sr, shown in Tables 5 and 6. There are practically no
differences between the activities estimated for each sample
with all the methods and the relative bias of the estimation
in comparison with the spiked activities are below 5% in all
cases. For this reason, any method could be used to estimate
89Sr and *°Sr in PS resin, and in the following study only
Legendre polynomials were employed because the results
were slightly better in most of the samples studied.

The deconvolution method (Legendre polynomials)
was applied to the samples spiked with different ratios of
8951/°Sr to estimate the individual activities of each radio-
nuclide. As an example, Fig. 6 shows the spectra of samples
spiked with ratios 1:1 and 1:2, and the deconvolution spectra
of %Sr and ?°Sr. In addition, Table 7 shows the estimations
and the relative bias obtained for each sample. Relative bias

Table 5 °Sr activities of calibration standards estimated with Fourier series, Laguerre and Legendre polynomials, and their relative bias

Sample 89Sr activity (Bq) Fourier activ-  Laguerre activ- Legendre activ- Fourier relative = Laguerre relative Legendre
ity (Bq) ity (Bq) ity (Bq) bias (%) bias (%) relative bias
(%)
Sr89-1 0.6882 0.6973 0.6973 0.6972 1.32 1.32 1.31
Sr89-2 2.9912 3.0873 3.0871 3.0871 3.21 3.21 3.21
Sr89-3 5.5357 5.5823 5.5824 5.5825 0.84 0.84 0.85
Sr89-4 8.6248 8.5001 8.5004 8.5005 —1.45 -1.44 —1.44
Sr89-5 11.9297 11.8562 11.8561 11.8560 -0.62 -0.62 -0.62
Sr89-6 29.4990 29.5453 29.5452 29.5453 0.16 0.16 0.16

Table 6 *°Sr activities of calibration standards estimated with Fourier series, Laguerre and Legendre polynomials, and their relative bias

Sample 90Sr activity (Bq) Fourier activ-  Laguerre activ- Legendre activ- Fourier relative =~ Laguerre relative Legendre
ity (Bq) ity (Bq) ity (Bq) bias (%) bias (%) relative bias
(%)
S190-1 1.0326 1.0511 1.0511 1.0511 1.79 1.79 1.79
Sr90-2 3.4107 3.3450 3.3457 3.3457 -1.93 -191 -191
Sr90-3 5.5913 5.7341 5.7339 5.7338 2.55 2.55 2.55
Sr90-4 9.0878 9.1483 9.1487 9.1486 0.67 0.67 0.67
S190-5 12.4567 12.2614 12.2604 12.2605 —-1.57 —1.58 —1.58
Sr90-6 30.6180 30.6580 30.6583 30.6583 0.13 0.13 0.13
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Fig.6 Experimental spectra of mixtures Sr89/90-1 and Sr89/90-2, and deconvoluted spectra of %Sr and *°Sr obtained with Legendre polynomi-

als

Table 7 3°Sr and *°Sr activities of spiked samples estimated with the deconvolution method proposed based on Legendre polynomials, and their

relative bias

Sample Ratio ¥Sr/*Sr 895r activity (Bq) 0S¢ activity (Bq) Legendre 89Sr Legendre 0S¢ 8Sr relative  *°Sr rela-
activity (Bq) activity (Bq) bias (%) tive bias
(%)
S189/90-1 1:1 6.21 5.65 6.06 5.96 -23 5.5
Sr89/90-2 1:2 6.19 12.42 6.10 12.58 -1.5 1.3
Sr89/90-3 1:5 6.19 30.40 5.46 31.46 —-11.8 35
Sr89/90-4 1:7 6.14 41.63 7.91 40.11 28.9 -3.6
Sr89/90-5 2:1 12.22 5.64 10.85 7.71 —-11.2 36.8
S189/90-6 5:1 30.49 5.63 29.68 7.62 -2.7 353

were below 30% in all the samples spiked with higher activi-
ties of 2°Sr, but when 3°Sr activities are higher, the recon-
structions are overestimating *°Sr activity. However, %Sr
activities are correctly calculated, even they are acceptable
when disproportion is 1:7. For these reasons, the deconvo-
lution methodology proposed in this work can be consid-
ered as a useful tool to determine 3°Sr and *°Sr activities
in case of an emergency situation, except when there is a
high %Sr/°°Sr disproportion and *°Sr is overestimated. An
improved or alternative methodology is trying to be devel-
oped in this case.

Testing and validation of the method

The proposed method was applied to different samples of
aerosol filters (glass microfiber filters and cellulose filters,
with an aerosol residue of 1 week of sampling) and vegeta-
tion (10 g of grass, rosemary and pine needles). 14 samples
spiked in the laboratory with certified standards of #*Sr and
908r in different ratios #Sr/*°Sr (1:1, 2:1, 4:1 and 8:1) were
analysed to test the robustness of the method. As in a nuclear
emergency, %Sr was spiked always in higher proportion
than *°Sr. An intercomparison sample of the International
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Atomic Energy Agency was also analysed to validate the
method: 20 g of dry spruce needles (Sample 04) of the
TAEA-TEL-2016-03, due to the low activity of the sample.

Average pre-treatment recoveries for the different types
of samples were high, ranging from 76 to 97%, with an aver-
age of 87(10)%. PS resin retention was even higher, with
an average value of 94(6)% that ranges from 87 to 99%,
without great influence of the type of matrix. Finally, the
average total recovery obtained for rapid strontium separa-
tion with the method proposed was 82(9)%, similar to the
results obtained in the initial testing of the method (Table 2).

Total radiostrontium activities and individual activities
of ¥Sr and *°Sr were calculated for each sample. Combined
detection efficiency of 89.1% was applied for total radios-
trontium activity calculation of the spiked samples (M1 to
M14), and individual efficiency of 84.8% was employed
for “°Sr calculation of the intercomparison sample (M15),
because any counts were observed in the 3°Sr area. Decon-
volution method was used for individual activity calculation
of #Sr and *Sr. Table 8 shows the relative bias obtained for
total radiostrontium activity (¥Sr +°°Sr) and the results are
below 20% in all types of aerosol filters and vegetation. The
relative bias for the intercomparison sample was below 30%
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Table 8 Relative bias of total radiostrontium activity obtained for different spiked samples, and relative bias of individual 3°Sr and *°Sr activities

obtained with the deconvolution method

Type of sample Ref.  Activity  Activity Sr (Bq) Ratio 3°St/*®Sr  Rel. bias Rel. bias 3°Sr Rel. bias *Sr
8sr (B qQ *Sr+°Sr) deconvolution deconvolution
(%) (%) (%)
Glass microfiber filter M1 1.9 2.2 1:1 -2.1 11.4 -5.1
M2 1.9 1.1 2:1 -8.5 -8.5 2.9
M3 7.7 1.1 8:1 1.1 —15.8 128.5
Cellulose filter M4 1.9 33 1:2 4.1 4.3 9.2
M5 1.9 22 1:1 —12.8 —12.6 -8.2
M6 8.0 22 4:1 1.9 -7.6 30.5
Grass M7 1.5 22 1:1 11.6 254 5.0
M8 1.5 1.1 2:1 17.0 5.1 327
Rosemary M9 1.8 22 1:1 3.8 -0.8 11.1
M10 1.8 1.1 2:1 5.6 -1.7 18.4
M1l 75 1.1 8:1 9.0 -7.8 114.0
Pine needles M12 1.8 22 1:1 9.9 16.5 11.1
M13 1.8 1.1 2:1 133 7.3 30.1
M14 75 1.1 8:1 10.8 -4.8 107.1
Spruce needles (IAEA-2016) M15 - 17 Bq kg™ 0:1 25.9% - -

2Calculated using the corresponding detection efficiency (*°Sr)

despite the low *°Sr activity (17 Bq (kg-dry)~"), which is
the level of acceptance of the results. The average quench-
ing parameter obtained for all the samples was 682(5). For
these reasons, the method was validated for total radiostron-
tium activity. Moreover, 20 g of sample was analysed in this
case, proving the robustness of the method for the analysis
of higher amount of sample.

The relative bias for the individual activity of ¥Sr and
%St were also calculated. As can be seen in Table 8, the
results for 3°Sr are good for all the samples, with values
below 30%. In case of *°Sr, relative bias increase with higher
ratios of 3?Sr/*°Sr. Most of the results are below 30%, except
for samples M3, M11 and M14 with a ratio 8:1 were 908y
activity is overestimated. Therefore, the deconvolution
method is a useful tool to determine individual 3°Sr and
%0Sr activities in emergency situations, when the reduction
of time is necessary, but we have to take into account that
0Sr activities are overestimated when there are high ratios
8981/°°Sr. An improved or alternative methodology should
be developed in this case.

Conclusions

A rapid and novel method has been developed to deter-
mine radiostrontium (*’Sr and °°Sr) in aerosol filters and
vegetation samples in emergencies. The method proposed
performed a rapid pre-treatment of the sample and a sepa-
ration of strontium isotopes by plastic scintillation resins
(PS resin). PS resin unifies separation and measurement

separation step achieving a reduction in the time of analysis
and simplifying the method, which is necessary in case of
emergency. Total radiostrontium activity was determined
after calibration of the system of certified standards. Moreo-
ver, a deconvolution methodology is proposed and tested to
determine individual activities of *Sr and *°Sr, providing
good results.

The method was validated with different types of aerosol
filters (glass microfiber filters and cellulose filters) and veg-
etation samples (grass, rosemary and pine needles) spiked in
the laboratory with different ratios of 89Gr/20Sr (1:1,2:1,4:1
and 8:1), and an intercomparison sample (spruce needles).
Total recoveries obtained were high for all types of samples
and quite reproducible, with an average of 82(9)%. Rela-
tive bias for total radiostrontium were also below 20% for
the spiked samples and below 30% for the intercomparison
sample. Relative bias for individual activities 3°Sr and *°Sr
were below 30% in almost all the samples, but *’Sr activity
is overestimated when ratios %°Sr/*°Sr are high.

The time of analysis of the proposed methods for radios-
trontium determination in aerosol filters and vegetation is 8
and 12 h, respectively, which are less than a day and a half
working day. Limits of detection in 1 h of counting for aero-
sol filters are between 0.03-0.05 Bq (filter)™' and 2.8-3.7 Bq
(kg-fresh) ™!, for 10 g of fresh vegetation samples. Therefore,
the proposed methods are suitable to be applied in emer-
gency situations.
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