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Highlights

e Novel approach for rapid determination of Sr radionuclides in seawater is proposed

e Synthetic zeolite 4A was used for preconcentration of Sr and then dissolved in HNO3
e Automated Sr separation was conducted on SuperLig®620 column

e Srseparation from 1 L of seawater takes 1.5 h with recoveries of 89 + 4%

e MDA were 0.74 Bg/L for 8°Sr, and 1.47 Bg/L for %Sr, at their ~ 10:1 activity ratio

Abstract

A novel approach for rapid 8°°Sr determination in seawater samples is developed. For the first
time in the radioanalytical application, the features of the synthetic zeolite Z4A and a highly
selective material for Sr separation were synergically employed. Seawater composition

significantly reduces Sr yield on highly selective solid-phase extraction materials, making the
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preconcentration step essentially important but laborious and time-consuming. To address this
issue, the ability of zeolite 4A to concentrate the Sr from the seawater matrix was employed. With
the proposed method, two important goals were achieved: (i) simple preconcentration of Sr that
can be conducted directly at the sampling site, enabling a rapid procedure for 89Sy determination
in emergencies, and (ii) high and stable Sr recoveries (89 + 4%) necessary for lowering detection
limits. Strontium is effectively separated from 1 L of seawater in less than 1.5 h, which is especially
important in emergency situations, such as the Fukushima Daiichi Nuclear Power Plant accident.
Minimum detectable activities achieved for 8°Sr:%°Sr activity ratio ~ 10:1 were 0.74 Bq/L for S,
and 1.47 Bg/L for %Sr, detected by Cherenkov counting, 36 to 38 h after separation, and 30 min

counting time.

Keywords: 8°°Sr, Seawater, Zeolite Z4A, Preconcentration, Rapid determination, Emergency.

Introduction

After the Fukushima Daiichi Nuclear Power Plant (FDNPP) accident, numerous reports and
scientific papers were focused on radioactive cesium spreading in Fukushima's surroundings and
globally, while only a limited number of studies have considered the environmental behavior of
released radioactive strontium [1]. Seawater was initially pumped into the reactors to maintain
cooling during the emergency [2], and the majority of *°Sr was discharged as cooling water to the
Pacific Ocean [3]. The initial releases of radioactive strontium were not expected to be as high as
for other radionuclides during the accident, however, an additional key reason for less extensive

research on the spread of °°Sr lies in the methodology for their quantitative determination. While
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cesium isotopes can be directly determined by gamma-ray spectrometry, the determination of
radioactive isotopes of strontium implies the use of complicated and time-consuming separation
methods before detection and quantification [2—4]. Chemically similar to calcium, ®Sr is easily
incorporated in bone tissue, emitting highly energetic g particles, mainly during the decay of its
short-lived daughter ®Y, increasing the chance of leukemia or bone cancer. Determining activities
of %Sr is mandatory in many environmental monitoring programs, including the monitoring of
leakage of this contaminant from FDNPP reactors and storage tanks to the ocean. Therefore,
developing rapid and simple radiochemical procedures for radiostrontium determination is
imperative to avoid the drawbacks of existing methodologies.

The complexity of seawater (SW) composition, especially a high concentration of several
cations (~ 10000 mg/L of Na, 1200 mg/L of Mg, 400 mg/L of Ca, and 400 mg/L of K) with respect
to the mean total Sr concentration of 8.0 mg/L [5], impede Sr separation and determination [6].
The standard procedure for radiostrontium determination includes the preconcentration step,
separation of pure Sr from bulk, yttrium separation after secular equilibrium between *°Sr-%°Y, and
subsequent detection of Y and 8%°Sr. Mostly all developed radiostrontium determination
methods follow this sequence with the difference in preconcentration and/or separation methods
for pure strontium isolation.

In recently published papers, various methods were developed by using materials for solid-
phase extraction, Sr resin (8%%Sr), DGA resin (°°Y), or Sr Rad Disk [7—11]. However, to increase
yields of the methods, most of the interfering cations must be previously removed because SW
substantially reduces strontium yield on highly selective solid-phase extraction materials such as
Sr resin and/or SuperLig®620 (material also used in Sr Rad Disks). By mixing 1 L of SW with

concentrated HNO3 to 3 mol/L and directly loading on the Sr resin (3 g), 50% of Sr recovery can
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be maximally achieved, depending on the size of Sr resin particles [12]. On the other hand, the
SuperLig®620 column does not bind Sr from SW [13].

Consequently, for Sr determination in SW, mostly phosphates [7,8], carbonates [10,11,14], or
oxalates [15] were primarily used as agents for preconcentration and partial removal of other
cations. It should be noted that a preconcentration step is necessary for the determination of
radioactive strontium in SW (i.e., seas and oceans) to provide an activity level for reliable
quantification since its activity is very low due to high dilution even in accidental situations. The
preconcentration with these agents usually requires consuming a substantial amount of
precipitation agent and strict pH control, which slows down the whole process and results in more
waste, especially if larger volumes of samples are used. Therefore, different materials were
investigated for simpler and more efficient concentrating of Sr from high saline waters, including
zeolites [16].

Zeolites’ crystalline and highly porous structures provide large surface areas on which cation
exchange and chemical reactions take place. Due to high sorption capacity, and resistance to
radiation damage [17], zeolites are often used in liquid waste treatment [18,19], soil
decontamination, and remediation, for example, after Chernobyl or Fukushima accident [20].
Synthetic zeolite 4A exhibits exceptionally high Sr ions capacity compared to other investigated
natural and synthetic zeolites [19,21-25]. In our previous work, it was found that the selectivity of
zeolite Z4A towards metal ions decreases in an equimolar mixture in the following order: Sr > Ca
> K > Mg > Na, therefore, it can extract Sr efficiently even from a complex matrix [24]. From SW,
84% Sr, 45 % Ca, 14% K, and 12% Mg were sorbed relative to their initial concentrations at the

zeolite 4A dose of 5 g/L.
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Although zeolite 4A has been broadly tested as a decontamination agent, to the best of the
authors' knowledge, the prospects for its radioanalytical application have not been previously
considered,, particularly for Sr preconcentration from SW. Accordingly, this study was conceived
with the idea of using the selectivity of zeolite 4A to efficiently preconcentrate Sr, reduce the
concentration of other cations from SW, and then transfer Sr entrapped in zeolite 4A into a liquid
phase from which Sr can be completely separated on highly selective resins. The main objective
was to develop and validate a novel method for determining 8%°Sr activities in SW, which is faster
and easier to perform than existing ones while providing similar or even better Sr recoveries. The
commercial zeolite 4A product intended for water softening in environmentally friendly detergents
was used in the study as a cost-effective and available material. The overall method involves
enrichment of Sr from 1 L of SW by zeolite Z4A with high yield, dissolution of zeolite Z4A with
the nitric acid, automated Sr separation on a 1 mL SuperLig®620 column, and quantitative

simultaneous determination of &Sr and %°Sr.

Materials and methods

Zeolite 4A

Synthetic zeolite (denoted Z4A) was supplied by the Zvornik Alumina Refinery (Bosnia and
Herzegovina), which uses the Bayer process liquids for zeolite synthesis. The Z4A is a crystalline
product containing 36% Al>03, 22% Na2O, 42% SiO (the Si/Al ratio is 1.06), with cubic particles

of uniform size (~4 um), a pore diameter of 4 A, and the alkaline reaction in water (pH value of

the 10% suspension is 11.2) [24]. The material was used without further treatments.
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Sorption of Sr from seawater matrix by Z4A

To provide efficient sorption of Sr ions from the seawater matrix by Z4A, the effects of the
contact time and the dose of Z4A were firstly investigated in batch conditions using synthetic
seawater (SSW). SSW was prepared by dissolving 36.0 g of the aquarium salt mix (Coral pro salt
mix - Red Sea) in 1 L of deionized water. The SSW contained 10500 mg/L Na*, 440 mg/L Ca**,
400 mg/L K*, 1310 mg/L Mg?*, 8.25 mg/L Sr?*, 2700 mg/L SO4?, 19450 mg/L CI, 56 mg/L Br,
142 mg/L, COs*/HCOs , 0.06 mg/L I, and the pH of the solution was 8.3. The sorption
experiments were performed at room temperature (21+1 °C) by varying Z4A to SSW ratio in the
range of 2 g/L — 30 g/L (0.040-0.600 g Z4A in 20 mL), and the contact time between 5 min and
6 h. Separate batches were prepared for each solid-to-solution ratio and contact time and mixed
using the overhead laboratory shaker (Heidolph™ Reax) at 10 rpm. After membrane filtration
(0.45 um pore size), the residual Sr concentrations were measured by Inductively Coupled Plasma
Optical Emission Spectrometer (ISP-OES) Avio 200 (Perkin Elmer). The calibration standards for
the determination of Sr concentration in SW were prepared in the artificial seawater solution
(10000 mg/L Na, 1250 mg/L Mg, 400 mg/L Ca, and 400 mg/L K) [26]. The experiments were
performed in duplicate for each experimental setup, and the results are presented as mean values.
The morphology of Z4A particles before and after interaction with SSW at optimized conditions
was compared using JEOL thermal field emission scanning electron microscope (FE-SEM, model

JSM-7000F).

Desorption of Sr from Z4A

The prospects of Sr recovery from Z4A were tested by batch desorption experiments. Samples

were firstly prepared by mixing Z4A with SSW in 50 mL centrifuge tubes at previously optimized

6
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conditions (0.200 g Z4A in 20 mL SSW (10 g/L), 10 min of contact), centrifugation (relative
centrifugal force (RCF) of 8867xg for 10 min), and filtering the liquid phase through 0.45 pum
membrane filters. The Sr concentration in the liquid phases was determined for calculating the
amount of Sr sorbed by Z4A. Subsequently, 20 mL of the desorbing solutions containing either
NaCl or CaCl: at various concentrations (0.1 mol/L, 0.5 mol/L, and 1 mol/L) were mixed with the
solid residues and shaken for either 1 h or 24 h, at 10 rpm. All experiments were performed in
duplicate. The desorbed amounts of Sr were measured in the filtrates by ICP-OES using the
appropriate desorbing solution both as a blank and as a matrix to prepare the calibration standards,

and the desorption efficiencies were calculated.

Z4A dissolution experiments

The dissolution of Z4A under acidic conditions was tested by mixing 10 g of Z4A with 100
mL of solutions having different HNO3s concentrations, namely 2 mol/L, 3 mol/L, and 5 mol/L.
The time required for Z4A to dissolve completely was monitored, and the time after which the gel
is formed. Based on the first results, the volume of 2 mol/L was increased to achieve both a high

dissolution rate and delayed gelatinization of the sample.

Separation of Sr using SuperLig®620

SuperLig®620 (35-75 pum) was supplied by IBC Advanced Technologies, Inc. (USA). The
binding capacity of the resin was provided in the manufacturer Certificate of the Analysis

(0.23 mmol Sr/g). The resin was filled in 1 mL columns provided by Supelco (Merck, Germany).



160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

The automated separation system was used for column separation. The eight-roller, one-
channel Cavro Smart Peristaltic Pump was used for continuous flow applications. Tecan Cavro
valves 1 x 4 - port Teflon valve with 1/4-28 fittings were used for sequential injection of the
solutions. The in-house software was developed for computer control of the time of the sequence
and flow direction.

Separation of Sr on SuperLig®620 was done as it was described in earlier papers [13,27], with
slight modifications. After contact with SSW, Z4A with sorbed Sr was dissolved in 2 mol/L HNO3,
and the solution was automatically loaded onto the SuperLig column (V =1 mL), which was
preconditioned with 20 mL of 2 mol/L HNO3 solution, at a flow rate of 3 mL/min. The column
was additionally washed with 20 mL of 2 mol/L HNO3 solution. Since in emergency case samples,
140Ba might be present in the samples, the column was washed with 3 mL of H.0O, and Sr was
stripped from the column with 20 mL of 0.5 mol/L EDTA solution, pH ~ 6 (flow rate 1 mL/min)
directly into a scintillation vial. Samples were repeatedly counted by Cherenkov counting on LSC
for 30 to 60 min. In the case of 8%Sr determination, the activity of 3Sr is determined from first
counting, while °°Sr is determined via *°Y ingrowth [28]. The detection limits were calculated

according to 1ISO 11 929 [29].

Sample preparation for validation experiments

The efficiency of radiostrontium removal from SSW by Z4A was verified, and the selectivity
of ZAA in respect to several other radionuclides was assessed after spiking SW. The natural SW
sample was taken from the Adriatic Sea, at location Martinska (7.5 mg/L of Sr) near Sibenik,
Croatia. SW samples were spiked with a standard gamma mix (>*!Am, %°Co, 13’Cs), and standard

solutions of 8°Sr, &Sr, 905r/%0Y 88y 13383 and/or 21°Ph, and counted on a gamma counter and on a
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liquid scintillation counter. Test solutions with radioactive standards were prepared by spiking
SSW or natural SW with certified reference solutions of 8Sr (0.9941-10° Bg/g, relative uncertainty
1.2 %), 8°Sr (0.9940-10° Bq/g, relative uncertainty 1.0 %), %°Sr/°°Y (1.015-10° Bq/g, relative
uncertainty 1.0 %), #Y (0.9581-10° Bq/g, relative uncertainty 1.0 %), 2°Pb (1.01-10° Bq/g,
relative uncertainty 1.1 %), all ref. date September 18, 2015. and standard gamma mix (***Am,
3.489 -10%Bq/g, relative uncertainty 0.3 %, °Co, 2.222-10° Bg/g, relative uncertainty 0.3 %, *3'Cs,
2.003-10° Bq/g, relative uncertainty 0.8 %, ref. date August 10, 2015.) which were provided by
Czech Metrology Institute (Prague, CZ). Since '“°Ba has a short half-life and is not a readily
available reference sample, a standard solution of 3*Ba (9.884-10° Bqg/g, relative uncertainty
1.8 %, ref. date September 21, 2010), provided by Analytics (Atlanta, USA), was used instead. All
other chemicals were of analytical grade.

The prepared test solutions were mixed with Z4A at the doses of 10 g/L for 10 min and
filtrated. The filtrate was counted again to determine the recovery of tested radionuclides. Further
Sr separation was accomplished as described in the previous section.

The recovery of each radionuclide was determined. Detection of 8°Sr,%°Sr/*®Y was carried out
by Cherenkov counting on the Liquid scintillation spectrometer Tri-Carb 3180 TR/SL in low-level
counting mode [13,28]. The counting efficiency of 8Sr in EDTA solution is 32.51 %, while for
%Y 50.05 %. Canberra's characterized Broad energy germanium detector (BEGe; resolution: 1.95
keV at 1332 keV, relative efficiency: 48%) with the original lead shielding was used to determine
activity concentrations of gamma emitters. Spectra were analyzed by Genie 2000 software, and
mathematical calibrations were done with LabSOCS.

The applicability of the method was tested by spiking SW with known activity of 8%Sr or

with a proficiency test sample provided by Analytics (Eckert and Ziegler, USA). In the latter case,
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the aliquot of 1 mL was diluted with 1 L of SW prior to separation. An additional test for %Sr
determination by the proposed method was performed using 1 L of SW proficiency test samples

IAEA-RML-2017-01 and IAEA-RML-2021-01 (IAEA, Monaco).

Results and Discussion

Optimization of Z4A dose and contact time for Sr preconcentration from seawater matrix

The effect of contact time on Sr sorption efficiency from SSW is displayed in Fig. 1, a, for
different doses of Z4A. The efficiency of Sr removal was weakly affected by the increase in
equilibration time from 5 min to 6 h, indicating that the process of Sr separation was very rapid at
all investigated solid-to-solution ratios. On the other hand, the increase in the Z4A dose from 2

g/L to 30 g/L significantly enhanced Sr separation efficiency from 64 + 2% to 100%.
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The sorption efficiency of 94 + 3% was achieved by mixing 1 g of Z4A with 100 mL of SSW
(10 g/L dose), while the doubled amount of Z4A was necessary for an efficiency of 99 + 0.5%.
Therefore, 10 g/L dose has been considered optimal for radioanalytical purposes. For comparison,
the yields achieved by precipitation of carbonates were around 80% [12]. However, high amounts
of Mg coprecipitate with Sr and Ca, complicating isolation on highly selective Sr materials.
Although the co-removal of Mg can be avoided if Sr is precipitated in the form of oxalate, Sr's
yields are significantly lower [15].

The final pH of SSW was minorly affected by the variation of contact time, while the slight
shift from ~8.3 to ~8.7 was evident with the increase in Z4A dose (Fig. 1, b). These data correspond
well with the higher alkalinity of Z4A in respect to SSW. At a Z4A dose of 10 g/L, the pH of SW
was ~ 8.4, matching closely the global average pH value of surface oceans of 8.2, which can
fluctuate by + 0.3 units owing to local, regional, and seasonal factors [30]. Overall results indicate
that the Sr can be concentrated almost 100 times directly at the sampling site without pH
adjustments, meaningfully speeding up and simplifying the preconcentration process compared to
other techniques such as precipitation [17,18,20-22].

SEM analysis of the Z4A sample (Fig. 2, a) shows well-defined cubic crystals characteristic
for highly crystalline zeolite 4A that remain preserved after contact with SSW at optimized

conditions (Fig. 2, b).

12
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Fig. 2. SEM images of Z4A particles: a) before and b) after reaction with SSW (Z4A dose 10

g/L, contact time 10 min, shaking speed 10 rpm).

Separation of radioactive Sr and other radionuclides from SW

Along with the sorption of radioactive 3Sr, the separation of several other radionuclides from
SW by Z4A was tested at conditions set previously (Fig. 3). Isotopes of $3413Cs, 586°Co, and even
241 Am are the nuclides often present in discharges from NPPs, and along with “°Ba may appear in
the fresh release after an accident, while Pb isotopes are members of natural decay chains.

The sorption efficiency of 8°Sr in the natural seawater sample was 93 + 4.0 % at a Z4A dose
of 10 g/L, which corresponds well with the results obtained using stable Sr and SSW (Fig. 1, a).
The Z4A simultaneously removed all investigated radionuclides but with different efficiencies
(Fig. 3). The high-efficiency separation of Am, Pb, and Ba (87 = 2.6 %, 100 + 3.4 %, 99 + 3.5 %,
respectively) suggests that Z4A as well deserves further investigation regarding their

separation/preconcentration from seawater.
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Fig. 3. Radionuclide uptake from natural seawater (SW) using Z4A. Contact time 10 min, Z4A

dose 10 g/L, shaking speed 10 rpm.

Recovery of Sr from Z4A

The method development was further focused on the recovery of Sr entrapped into Z4A crystal

lattice to facilitate its separation from other cations using highly selective resins. For this purpose,

the desorption efficiency of several solutions was tested, as shown in Fig 4.
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Fig. 4. The efficiency of Sr desorption from Z4A influenced by desorbing solution composition

and contact time. Solid to solution ratio 0.2 g/20 mL, shaking speed 10 rpm.

In the sorption step, the efficiency of Sr removal from SSW was 94 + 3 % considering 24
replicate tests conducted under optimized experimental conditions, confirming repeatable Sr
preconcentration. Desorption of Sr was influenced by the type, the concentration of the desorbing
agent, and the time of contact; however, it was generally low (Fig. 4). After 1 h, 0.58% - 8.0% and
8.7 % - 12.1% of Sr were desorbed with increasing concentrations of NaCl and CaCly, respectively.
Due to the chemical similarity with Sr, Ca ions affect the desorption of Sr more significantly than
Na. Furthermore, the recovery of Sr was more influenced by the prolonged contact time (24 h)
with CaCl, solutions (20.0% - 27.7%), than with NaCl (0.36 % - 9.99 %). The study of &Sr

desorption from Z4A in groundwater (Ca concentration of 100.4 mg/L) revealed that the

15



276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

desorption equilibrium was reached after nine days (0.7% desorbed) [24], corroborating that the
desorption of Sr radionuclides from Z4A is a substantially slower process than sorption.

From the presented results, it is evident that Sr ions were firmly fixed in the structure of Z4A.
In contrast, 10 % NaCl was used to recover Cd, Zn [31], and Be [32], sorbed by zeolite 4A.
Depending on their previously sorbed amounts, 65% - 76% of Cd, 65% - 80% of Zn, and
75 % - 87 % of Be were desorbed. The level of desorption was generally found higher when
solutions with higher initial concentrations of cations were used in the sorption step. Consequently,
the most probable reasons for the observed low Sr desorption are a low total concentration of Sr
in seawater and a high selectivity of the zeolite 4A structure towards Sr [24].

Given that efficient and rapid Sr recovery could not be achieved by desorption, another
approach for Sr recovery was tested — the dissolution of the Z4A framework. The Si/Al ratio of
the zeolite controls the dissolution rate and mechanism, as the selective Al removal constrains the
removal of Si [33,34]. Therefore, the dissolution of zeolites with different Si/Al ratios may result
in stoichiometric degradation, precipitation of silicate, partially dissolved or preserved silicate
framework. The acidic decomposition of zeolites may be accompanied by precipitation of
insoluble silica or gelatinization. The formation of a gel is characteristic of zeolites containing at
least two Al atoms to three Si atoms [33]. Zeolite 4A is characterized by extremely high Al content
(Si/Al = 1.0), and its fast and stoichiometric dissolution upon treatment with hydrochloric acid was
confirmed by measuring the concentrations of Al and Si in the liquid phase [34]. However, the
decrease in aqueous Si concentration with time was detected due to a formation of a gel. The time
needed for gel formation is largely dependent on the acid concentration and the volume of acid

applied to a given zeolite mass [33].
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The complete dissolution of Z4A was found to occur when the pH of the solution is pH < 0.5.
In further experiments, the dissolution of Z4A was investigated in nitric acid solutions since it is
used for Sr loading on Sr resin or SuperLig®620. It was found that 10 g of Z4A can be completely
dissolved in 100 mL of 3 mol/L or 5 mol/L HNO3z within 3 to 4 min, while in 2 mol/L almost
25 min were necessary.

Nevertheless, in 5 mol/L HNOgz, the gel was formed after only 40 min. This effect is
undesirable since it causes clogging of the column filled with Sr resin or SuperLig®620. The stages
of Z4A complete dissolution and gel formation are illustrated in Fig. S1. Using 3 mol/L HNOg, the
gelatinization occurred within 24 h, while in 2 mol/L solution after three days.

Since the gelatinization process was slowest in 2 mol/L HNOg, its volume was increased to
120 mL to examine the influence on the dissolution rate. Under such conditions, Z4A (10 g) was
dissolved rapidly within 5 min, which was taken as optimum for loading on SuperLig®620.

SuperLig®620 was selected for several reasons. Firstly, only cca. 0.4 g of Sr resin can be loaded
in 1 mL Supelco column, which is not enough for complete Sr binding. Tayeb et al. [11] have
shown that for only 100 mL of purified SW, the tandem of Sr resin (2 times 2 mL columns) was
necessary to improve Sr recovery, with a final recovery of 85 + 3 %. Secondly, the advantage of
SuperLig®620 is that it is not sensitive to higher flow rates in comparison to Sr resin and
AnaLig®Sr-01 [13], which significantly reduces the time of separation. The main advantage of
automated separation is that by using SuperLig®620 multiple uses are allowed, and this material
has higher stability over time than Sr resin [27,35]. If Sr can be determined from smaller volumes,
such as 100 mL of SW, then 1 g of Z4A is necessary for Sr preconcentration, which can be
dissolved in only 10 mL of 3 mol/L HNOz or 12 mL of 2 HNOs. In such cases, Sr resin or

AnaLig®Sr-01 might be effective for further Sr separation and determination.
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New procedure for 89%Sr determination in SW

The scheme of a new procedure, indicating the time required to separate Sr sfrom 1 L SW sample
is presented in Fig. S2. As shown, Sr was removed from 1 L of SW by 10 g of Z4A. After
dissolving Z4A with 120 mL of 2 mol/L HNOs3, the solution was loaded by the automated system
on 1 mL SuperLig®620 (preconditioned with 20 mL of 2 mol/L HNOs). The recovery of Sr,
determined by #Sr or 8Sr in ten repetitions, was 89 + 4 % for the whole procedure.

By introducing the preconcentration step with Z4A before column separation, complete
retention of Sr on the resin was enabled, compared to no retention of Sr directly from SW. Due to
the fast Kinetics of Sr sorption by Z4A at ambient temperature, it is possible to apply this method
in emergency situations. Since Z4A also retains Ba, and 1“°Ba is expected to be present, Sr had to
be eluted from the column without a breakthrough of Ba. Therefore, Sr was eluted from the column
by 20 mL of 0.05 mol/L EDTA solution, pH ~ 6 [27], directly into the scintillation vial. The Sr
fraction was then counted immediately after separation to determine the activity of 8Sr. °Sr was
determined by successive counting and after several hours by ingrowth Y, as described earlier
[13,28].

The ratio between &Sr and ®°Sr is expected to be in favor of 8°Sr in fresh fallout, and the highest
ratio where simultaneously both isotopes can accurately be determined is around 17:1 [38].
Therefore, the model solutions with high 8°Sr/°°Sr activity ratios were used to validate the method.
In addition, the method's applicability was tested by spiking 1 L of SW with proficiency test sample
Analytics CC. The results demonstrated good agreement between measured and expected values,

as shown in Table 1.
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In the first case, a model solution was spiked with several radionuclides. As the results in Fig.
3 had demonstrated, they have been sorbed with different efficiencies on Z4A. After dissolving
Z4A and separation on SuperLig®620, only Sr and Ba were retained on the resin, and Sr was
effectively eluted (99.5 + 1%) while Ba remained on the resin. Proficiency tests sample Analytics,
which simulate routine effluent sample, except 8%°Sr, contained #'Ce, 3413/Cs, °860Cq, 54Mn,
SFe, and %Zn. Neither of them was determined in the Sr fraction. In these experiments, the
recovery of Sr was taken as 89 %, and its uncertainty was included in the uncertainty budget. The
relative bias of the results for the radionuclide in excess, 8Sr was less than 6%, while for %Sr,
12%, which is acceptable in case of emergency. As the time between separation and counting was
increased, the bias for ®Sr decreased due to ingrowth of Y decreased, and more counts were

detected.

Table 1. Results of 8-Sy determination in SW spiked with 8°°Sr and several other radionuclides

or Analytics CC proficiency test sample.

Sample V,L ®Sr,Bg/L ®Sr,Bg/L Rel. MDA, °SrBg/L  %Sr, Bg/L Rel MDA,
measured expected bias, % Bg/L measured expected bias, %  Bg/L

Model 0.125 14520 147 -14 351 114+3.1* 10.29 10.8 8.01

solution 1

Model 1.0 399+22 42.4 -5.9 0.74 4.12+0.74* 3.70 11.4 1.47

solution 2

Analytics 1.0 299+ 10 296 1.0 32.8+ 2.6** 34.0 -3.5

CC 2.07 3.08

*38 h after separation

**36 h after separation

MDA is minimum detectable activity, calculated according to ISO 11 929
Uncertainties are combined statistical and systematic uncertainties at 1 sigma.

With the proposed method, 36 to 38 h after separation, which corresponds to 32-33 % of

ingrowth %0Y, (half-life of °°Y, ti,=64,04) and 30 min counting time, minimum detectable
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activities observed were 3.51 Bg/L, 0.74 Bg/L, 2.07 Bg/L for 8Sr, and 8.01 Bg/L, 1.47 Bg/L, 3.08
Bg/L for *°Sr. As can be seen, different MDA were obtained at similar activity ratios 8Sr:%°Sr
~10:1. In addition to the sample volume, detection efficiency, recovery, count time, and
background count rate, the MDA also depends on the activity concentration of the other isotope
present in the sample. Therefore, the MDA in model solution 1 were the highest at a sample volume
of 0.125 L, but by increasing the counting time to 100 min, the MDA can be decreased to 1.92
Ba/L for 8Sr and 4.38 Bg/L for %Sr. On the other hand, the MDA for 1 L samples were lower,
even at higher initial activities (model solution 1 vs. Analytics CC). The results for similar initial
activities are comparable to those obtained by Tayeb et al. [11]. For similar activities of 8°Sr in
the sample, 295 Bg/L of 8Sr and 32.5 Bg/L of *°Sr, minimum detectable activities achieved were
2.40 Bg/L for &Sr and 3.47 Bg/L for *°Sr, for 15 min counting time on Hidex SL 300 (LSC with
3-PMT), and 0.1 L spiked SW sample. Their MDA were likely obtained for a much smaller initial
volume of SW after combined Cherenkov and liquid scintillation counting, which makes the
procedure somewhat more complicated and increases the time required to handle the sample.
Under similar counting conditions as in the presented study, their MDA values would be much
higher. Nevertheless, both methods give good and rapid results, however, by the presented method,
the mean recovery of Sr is slightly higher, 89 + 4%, compared to 85.4 + 3.3%, and the
preconcentration step is easier to handle, especially at the sampling site.

By using Z4A, the zeolite was simply mixed with SW and separated. On the other hand, the
addition of NH4OH and Na>COz with pH control was necessary for precipitation of carbonates,
which is less convenient if the preconcentration step is conducted outside the laboratory, such as
directly at the sampling site. In addition, by using SuperLig®620 resin, higher flow rates may be

applied, up to 5 to 10 mL/min, with no further loss of Sr using less concentrated HNO3. The
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activities of 8°Sr can even be determined directly on site using the Triathler, a portable LSC with
1 PMT, in combination with the presented method. This approach would further reduce the time
to obtain results, which is crucial in an emergency. Due to the lower efficiency and higher
background counts, the MDA on Triathler is expected to be higher than for LSC with 2 or 3 PMT
[36], but probably low enough for accurate determination of high 8-S activities.

The proposed method can be further developed with the goal of determining ®°Sr via *°Y, e.g.,
determination of *°Y by using the DGA column. After filtration, Z4A should be stored in powder
form for at least 14 days to establish a secular equilibrium between Sr-°Y. The dissolution step
should be performed shortly before column separation to avoid gelation of the sample with time
[34]. By connecting SuperLig®620 in series with the DGA column, *Sr was captured on the
SuperLig column, while *°Y on 1 mL DGA column (0.4 g of the resin) with obtained recovery of
around 97%.

Uesugi et al. [7] presented a method that consists of precipitation of magnesium ammonium
phosphates and hydroxyapatite to concentrate Sr from 1 L of SW. The obtained deposit was
dissolved in 4 mol/L HNO3 and filtrated through a tandem of Sr Rad Disks. Sr was eluted with a
0.5 mol/L solution of diammonium hydrogen citrate and mixed with a scintillator, which has 20%
solution of HDEHP to determine the Sr by liquid scintillation counting. The Sr Rad Disk may be
used again. Sr recovery of this method was determined using the addition of 8Sr, and it was 80-
90%. The authors suggested that determining the chemical recovery may be unnecessary during a
nuclear emergency. The detection limit of 35 mBg/L for 1 L of SW was determined for 1 h
counting and detection efficiency of 75%. Since the method with Z4A also provides stable
recovery and is consistent, determining the chemical recovery may be considered unnecessary

during a nuclear emergency and can be taken as 89 + 4%. The material in Sr Rad Disk is
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SuperLig®620, and by the approach presented here, the amount of resin is not fixed by the size of
Rad Disks. Furthermore, the preconcentration of SW sample by Z4A is easier and overall
separation time is much shorter, with slightly higher recoveries achieved.

The method was tested by using proficiency test samples of seawater provided by IAEA,
Monaco, IAEA-RML-2017-01 and IAEA-RML-2021-01, and satisfactory results were obtained
(Table 2). Samples were prepared as described, and the Sr fraction was repeatedly counted until a
secular equilibrium between *°Sr and °°Y was achieved. The detection limit was determined to be

29 mBg/L, for 1 L of the sample, recovery of 89%, and a counting time of 60 min.

Table 2. Results of *Sr determination in proficiency test samples IAEA-RML-2017-01 and

IAEA-RML-2021-01.

PT Sample Caref(P°ST), Bg/L  Caexp(*°Sr), Bg/L  Rel. bias, % z - score
IAEA-RML-2017-01 0.2748 £0.0019 0.2648 £ 0.015 -3.64 -0.51
IAEA-RML-2021-01  0.609 £ 0.005 0.552 £ 0.041 -9.36 -1.39

Caref(%0ST)/Caexp(°°ST) — reference/experimental activity concentration of *°Sr

As it was presented, the applicability of Z4A for the preconcentration of Sr from complex
matrices, like SW, enables the development of a simple and more rapid procedure for the
determination of 8%%0Sr. This material may be potentially used for higher volumes of SW, where
low concentrations of °°Sr are present, such as average activity concentrations of *°Sr in SW

(approximately 1 mBqg/L [2]). Further research is necessary to investigate such applicability.

Conclusion
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For the first time, synthetic zeolite Z4A coupled with highly selective material for Sr separation
was employed for radioanalytical application. The method was developed to facilitate the
determination of radiostrontium isotopes in complex matrices, such as seawater, which is
otherwise very complicated due to chemical interferences and represents a major obstacle in
monitoring Sr activity in case of nuclear emergencies. The proposed procedure is rapid and
straightforward and can even be completed directly at the sampling site. The preconcentration of
Sr radionuclides is performed by simply mixing zeolite Z4A with seawater at a dose of 10 g/L.
Since the process does not involve the addition of other chemicals, pH adjustments, and other time-
consuming steps, it provides significant advantages over existing techniques in terms of speed and
simplicity. The complete preparation of the sample, including zeolite 4A dissolution and Sr
separation on a highly selective resin, takes less than 1.5 h. The recovery of Sr following the entire
procedure is high, consistent, and stable (89 + 4%). The obtained results have shown that in case
of emergency, where high activity ratio 8°Sr:*°Sr is expected, activities of both isotopes may be
determined with satisfactory accuracy. Additionally, results obtained from IAEA seawater samples
have shown that method was successfully employed to determine lower activity concentrations of
%0Sr, where MDA of 29 mBg/L was achieved. Further research would result in novel cognition of

possible uses and improvements of the proposed analytical concept.
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