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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• A new detection method for 99Tc selec
tive screening analysis has been 
developed.

• PSkits can perform the ultrafast analysis 
of 99Tc in liquid samples.

• PSkits have been validated by 
measuring 99Tc in simulated nuclear 
reactor waste and spiked urine samples.

• 99Tc analysis with PSkits can be per
formed in presence of radioactive 
interferences.

• Analysis with PSkits will simplify and 
facilitate characterization of nuclear 
waste leading to efficient classification 
and disposal.
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A B S T R A C T

Controlling radioactivity is essential in various fields, such as the decommissioning of nuclear power plants and 
nuclear medicine. In some cases, a full characterization of samples is not required; instead, a screening analysis 
that provides an overall indication of the activity present can be sufficient to determine if a sample is radioactive. 
This article introduces a new system called PSkits designed specifically for ultra-fast and selective screening 
detection of 99Tc. PSkits consist of a plastic scintillation layer attached to the bottom of a scintillation vial, coated 
with aliquat⋅336® as a selective extractant. In this study, the preparation of PSkits was optimized by adjusting 
the proportions of crosslinker, porogen, and the type of vial used. The analysis method was developed, and the 
selectivity against common interferences was tested by optimizing the rinsing media. Finally, PSkits were vali
dated by analysing simulated nuclear waste samples and urine spiked samples, achieving satisfactory results with 
quantification errors below 50 %, demonstrating their effectiveness for the intended purpose
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1. Introduction

In today’s world, radioactivity is utilized across various applications, 
with nuclear medicine and energy production being the industries 
managing the highest activities levels. The use of alpha and beta- 
emitting radionuclides in medical diagnosis and therapeutics con
tinues to rise, driven by advancements in producing high-purity, short- 
lived radionuclides, employing organic ligands, and developing precise 
measurement devices. Given the often-high activity levels involved, two 
key concerns arise: assessing the radiation dose received by patients and 
healthcare professionals, and managing the biological waste from 
treated patients [1].

Nuclear power plants (NPPs) play a crucial role in global energy 
production, serving as one of the primary energy sources worldwide. 
However, their operation carries the potential risks of leaks, accidents, 
and radioactive discharges, necessitating rigorous monitoring and sur
veillance of NPPs and related products, including nuclear waste. Once a 
NPP ceases operation, decommissioning procedures commence to safely 
dispose all radioactive material, from nuclear fuel to constituent mate
rials. Currently, around 200 NPPs in Europe alone have either surpassed 
or are nearing the end of their expected lifespans after 30 years of 
operation. Consequently, decommissioning procedures will become 
increasingly prevalent among European NPPs in the near future [2,3].

Nuclear medicine and nuclear decommissioning operations generate 
substantial amounts of liquid and solid materials that require charac
terization. The analysis of these samples can be highly complex due to 
the presence of multiple radionuclides, particularly in NPP decom
missioning scenarios. In nuclear medicine, urine and blood samples from 
patients and healthcare professionals must be analysed to assess the 
radioactive dose received when labeled radiopharmaceuticals are 
administered [4]. Conversely, in NPP decommissioning, materials such 
as effluents or building materials must be classified based on their 
radioactive composition before being treated (if it is required) and 
disposed of [5,6]. Therefore, there is a need for ultra-fast, selective and 
pseudo-quantitative analytical strategies. These methods can signifi
cantly enhance the characterization productivity by reducing costs, 
analysis time, and the number of samples requiring full individual 
radionuclide analysis [7,8].

Plastic scintillators (PS) are an effective detection tool that can be 
used for this purpose. PS can convert the kinetic energy of a radioactive 
emission into detectable photons. They are easy to prepare, chemically 
stable, and capable of withstanding aggressive media, such as nuclear 
waste samples, due to the addition of crosslinkers [9]. Additionally, 
their surface can be modified by coating them with a selective extrac
tant, making the system selective towards a target radionuclide. This 
approach, utilizing PS in the form of microspheres coated with an 
extractant (PSresin) [10–12], has been used successfully to a wide range 
of radionuclides in two situations: continuous monitoring of effluents 
and analysis of specific radionuclides through column separation. 
However, its application for ultra-fast analysis is limited because man
aging microspheres is not straightforward. It requires reagents manip
ulation and devices to pass the solution through the PSresin.

This work presents the development of a novel PS in the form of a 
disk polymerized within a scintillation vial, with an immobilized 
extractant on the surface (PSkit), enhancing the system selectivity. The 
PSkit offers the potential for ultra-fast measurement as sample treatment 
is performed directly on the PSkit, with selectivity facilitated by the 
chosen extractant. The PSkit has been developed for 99Tc using 
aliquat⋅336® as extractant, a proven efficient extractant for selective 
analysis with PSresins, which interact with 99Tc, in form of TcO4

- 

through ion exchange [13,14]. Technetium is of particular interest in 
both NPP decommissioning (99Tc) and nuclear medicine (99mTc). 99Tc, a 
long-lived (2.11 ×105 years) beta-emitting radionuclide (Emax= 291 
KeV) is mainly produced by the nuclear fission of 235U or 239Pu in NPP 
reactors [15–17]. 99mTc is a short-lived (6.02 h) gamma emitting 
radionuclide (Eγ =140 KeV) is used to assess neuroendocrine or 

colorectal tumours as well as bone imaging [18,19].

2. Experimental section

2.1. Reagents

Plastic scintillators (PS) were prepared by polymerizing a mixture 
containing styrene > 99 % (St) (Acros Organics, Geel, Belgium), 
divinylbenzene 80 % (DVB) (Merck, Darmstadt, Germany), 2,5-dipheny
loxazole scintillation grade (PPO) (Merck), bis(5-phenyl-2-oxazolyl) 
benzene scintillation grade (POPOP) (Acros Organics), 2,2′-azobis(2- 
methylpropionitrile) (AIBN) (Fluka-Honeywell, Charlotte, US), and 
either toluene > 99.7 % (VWR Chemicals) or heptane > 99.0 % (Alfa 
Aesar, Haverhill, USA). The polymerization was conducted in a 20 mL 
glass or polyethylene scintillation vial (PerkinElmer, Waltham USA). 
Before use, St and DVB were purified by passing them through alumina 
in a syringe with glass wool at the bottom.

PSkits were prepared by coating the PS with Aliquat⋅336® for syn
thesis (Alfa Aesar) using methanol > 99.9 % (Merck) as solvent.

Radioactive standards used were: 55.1 (0.5) Bq/g 99Tc (Amersham 
International, Buckinghamshire, UK); 38.4 (0.5) Bq/g 36Cl (Eckert Zie
gler, Berlin, Germany); 52.5 (0.4) Bq/g 137Cs (Orano Lea, Châtillon, 
Fance); 38.5 (0.3) Bq/g 90Sr/90Y and 46.3 (1.4) Bq/g 238Pu (Amersham 
International); 24.4 (0.7) 236U and 23.8 (0.7) Bq/g 230Th (NIST, Gai
thersburg, USA).

Sample treatment and PSkits rinsing was done using the following 
reagents: hydrochloric fuming acid 37 % (Merck), nitric acid 69 % 
(Merck) and hydrofluoric acid 48 % (Merck).

Matrices of simulated samples were prepared with sodium chloride 
> 99.0 % (ITW Reagents Panreac, Castellar del Vallès, Spain), 
aluminium nitrate nonahydrate for analysis (Merck), sodium hydroxide 
for analysis (ITW Reagents Panreac) and double deionised water.

Liquid scintillation measurements for yield assessment were per
formed using OptiPhase HiSafe 3 scintillator cocktail (Perkin Elmer).

2.2. Apparatus

A dry Block heather 3 from IKA® was used for PS polymerization. 
Scintillation measurements were conducted using a Quantulus 1220 
liquid scintillation spectrometer (PerkinElmer). Stable isotopes analysis 
was performed using an OPTIMA 8300 ICP-OES detector (PerkinElmer) 
or an ELAN 6000 ICP-MS detector (PerkinElmer). Secondary electron 
images (SEM) were obtained with a JSM-7100 scanning electron mi
croscope (JEOL, Tokyo, Japan). ICP and SEM were conducted at the 
Scientific and Technological Centres of the University of Barcelona 
(CCiTUB).

2.3. Procedures

2.3.1. PS and PSkits synthesis
Two different compositions were used to prepare the PS: 32:1(w/w) 

and 2:1 (w/w) ratios of St and DVB. In all cases, 1 mL of the monomer 
and crosslinker mixture was used. The solution also contained 3 % PPO, 
0.05 % POPOP and 0.07 % AIBN relative to the total amount of St and 
DVB solution [20]. The mixture was prepared by weight in a 20 mL glass 
or polyethylene scintillation vial. The vials were placed in the dry block 
heather at 70ºC for 22 h, then cooled at room temperature. Finally, PS 
were cleaned with 10 mL of ethanol in an end-over-end mixer for 1 h. PS 
were prepared in absence or in presence of toluene (0.25, 0.5 and 1 mL) 
or heptane (0.25, 0.5 and 1 mL) as porogens.

PSkits were prepared by adding 1.5 mL of an extractant solution 
(1.036 g of Aliquat⋅336® in 100 mL of Methanol) to each vial containing 
the PS and evaporating the solvent in the oven at 60ºC. To ensure better 
distribution of the extractant on the PS surface and to form a uniform 
thin film, additional volumes of methanol (0.5 mL and 0.25 mL meth
anol) were added consecutively as the solution approached evaporation. 
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After the final addition, the vials were left to allow complete 
evaporation.

2.3.2. PS characterization
A 25 µL aliquot of a 99Tc solution (7 Bq) was deposited onto the 

surface of the PS. The vials were placed in an oven at 40ºC. After a 2- 
hour period, during which the solvent evaporated, the vials with 99Tc 
dispersed on the surface were measured in the scintillation counter.

2.3.3. PSkits characterization
Characterization of the prepared PSkits was conducted through 

several experiments. In each case, 10 mL of a 99Tc solution in 0.1 M HCl, 
an optimal medium for retaining 99Tc in Aliquat⋅336® extractant, was 
added to the PSkits. After 24 h, the solution was removed and the PSkits 
were directly measured in the scintillation detector for 1 h. Additionally, 
6 mL of the waste solution was mixed with 14 mL of scintillation cocktail 
in a 20 mL scintillating vial and measured for 1 h to determine the 
detection efficiency of the PSkits and the retention yield.

Five different contact times were studied: 1 min, 10 min, 30 min, 4 h 
and 24 h. Three stirring methods were evaluated: gently stirring (mov
ing the PSkit softly for 30 s), vigorous stirring (moving the PSkit quickly 
up and down for 30 s) and vortex stirring (stirring in a vortex for 1 min at 
3000 rpm). After stirring and a 10-minutes contact period, the PSkits 
were emptied and rinsed twice with a 0.1 M HCl solution, stirring for 30 
s and allowing 3 min between each rinsing.

Interference retention was evaluated by exposing the PSkits to 10 mL 
HCl 0.1 M solution containing various interferents (63Ni, 241Am, 90Sr, 
36Cl, 137Cs, 238Pu, 236U and 230Th) for 10 min. The activities of the 
interferents ranged between 6.7 to 7.7 Bq. After exposure, PSkits were 
rinsed first with 0.1 M HCl and then with double-deionised water. PSkits 
were gently stirred for 30 s, allowing 3 min between each rinsing 
solution.

2.3.4. Analysis of simulated nuclear waste samples
Two distinct matrices were prepared to simulate samples of liquid 

nuclear waste from Handford storage tanks: AN106 and AP101. The 
AN106 matrix comprised a solution of 7 M NaOH, 1.2 M Al(NO3)3 and 
0.67 M NaCl, while the AP101 matrix consisted of a solution of 0.457 M 
NaOH, 0.0667 M Al(NO3)3 and 0.0805 M NaCl. These matrices were 
then spiked with two different mixtures of radionuclides: Mixture A, 
containing 1.7 Bq of 99Tc; 4 Bq of 137Cs and 2.7 Bq of 90Sr and mixture B 
containing 2.1 Bq each of 99Tc, 63Ni, 238Pu and 236U. Each sample un
derwent analysis via two procedures: P1 and P2.

Procedure P1 involved adding 1 mL of the sample directly into the 
PSkit, followed by double deionized water to reach a volume of 10 mL.

Procedure P2 entailed adding 1 mL of the sample to the PSkit. Sub
sequently, a drop of phenolphthalein was introduced, followed by 
gradual addition of HCl 5 M drop by drop until the solution turned 
colourless (ensuring an acidic pH), after which 0.1 M HCl was added to 
reach a volume of 10 mL.

In both procedures, PSkits were gently stirred for 30 s and exposed to 
the solution for 10 min. Following exposure, PSkits were rinsed 
sequentially: first with 10 mL of HCl 0.1 M, then with 10 mL of a solution 
of 0.1 M HF and 0.1 M HNO3, and finally with 10 mL of double deionised 
water. After each rinsing solution was added, the PSkits were gently 
stirred for 30 s and left to stand for 3 min. Subsequently, the PSkits were 
measured in the scintillation detector for 1 h.

2.3.5. Analysis of spiked urine samples
10 mL urine sample collected form and adult male was spiked with 

99Tc at two different activity levels (0.06 Bq and 0.33 Bq) and acidified 
with some drops of 5 M HCl. The solution was added to the PSkit, gently 
stirred for 30 s and remained in contact for 10 min. Following the 
exposure, PSkits were rinsed with 0.1 M HCl first and then with double 
deionised water, following the same procedure as used as for other 
samples. Finally, the PSkits were measured in the scintillation detector 

for 1 h.

2.4. Data treatment

Data obtained from the liquid scintillation detector was processed 
using MATLAB (Mathwork, Natick, USA). Scintillation spectra were 
smoothed for better representation using a Savitzky-Golay algorithm 
with a first-degree polynomial and an average window of 10 points on 
each side.

Detection efficiency is defined as the net count rate (in counts per 
minute) measured by the detector divided by the 99Tc activity (in dis
integrations per minute) retained in the PSkit or deposited on the PS.

The retention of radionuclides in the PSkit was calculated as the ratio 
of the activity retained in the PSkit to the total activity added (1). The 
activity retained in the PSkit was determined by subtracting the activity 
measured in the waste solution (via liquid scintillation) from the total 
activity initially added to the PSkit. 

Ret99Tc =

99Tc, added −
99Tc, not retained

99Tc, added
⋅100 (1) 

The activity of the simulated waste samples from Hanford and the 
spiked urine sample was calculated using the following expression (2): 

Activity(Bq) =
Count ratesample(cpm) − Count rate background(cpm)

60⋅ Eff99Tc
100 ⋅ Ret99Tc

100

(2) 

Detection limits (3) were established using the Curie equation [21]. 

DL =
2.71 + 4.65⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Countsbackground

√

V⋅t⋅ Eff99Tc
100 ⋅ Ret99Tc

100

(3) 

where V is the sample volume (in L); and t is the counting time (in 
seconds).

All experimental related to the development of the PSkits were 
performed in triplicate. Uncertainty corresponds to the experimental 
standard deviation with k = 1.

For sample measurements, uncertainty (k = 1) was calculated taking 
into account the count rate statistics for 1 h counting time and the 
experimental standard deviation of the retention and the detection ef
ficiency obtained in standards.

3. Results

The concept of the PSkits as a tool for ultra-fast, selective, and 
pseudo-quantitative analysis of liquid waste builds on previous experi
ence with plastic scintillators in the form of resins (PSresins) for selec
tive radionuclide analysis. However, significant differences were 
identified and addressed. Firstly, the PS support was modified to allow a 
direct manipulation of the sample without need for additional devices. 
This involved transitioning from micro-sized resins packaged in solid- 
phase extraction cartridges to a 0.5 mm PS disk with the extractant 
applied to the surface, fixed in the bottom of a 20 mL liquid scintillation 
vial. A thin PS disk presents the advantage that the amount of reagents 
used is small, background will be low and for most of the beta particles 
emitted, emitted from the surface, its energy will be fully deposited on 
the PS disk. On the opposite side, the location of the disk at the bottom of 
the vial will be not the optimum from the point of view of the scintil
lation detection. For these reasons, this change on the format necessi
tated optimizing both the preparation and the analytical procedures to 
achieve ultra-fast analysis, including defining the protocol and opti
mizing steps such as contact time, stirring and cleaning. Finally, a 
validation with simulated high-complexity samples, similar to those 
encountered in NPP decommissioning and nuclear medicine, was 
required.

X. Mendo et al.                                                                                                                                                                                                                                  Journal of Hazardous Materials 480 (2024) 135796 

3 



3.1. PSKits development

The development of PSkits involves two steps: the preparation of the 
PS and immobilization of the extractant on its surface. Since a disk of PS 
has a lower specific surface compared to the same mass of micro-sized 
PSresins, one of the initial objective was to increase the porosity of 
the polymer and, consequently, its surface area. Porosity on polymers 
can be generated by adding a porogen during the polymerization of the 
monomers. However, these polymers must include a crosslinker to 
ensure the mechanical integrity and avoid disintegration. Additionally, 
for PSkits, the polymer must be anchored to the vial (plastic or glass) 
throughout the sample treatment, which also depends on the structure of 
the PS.

3.1.1. Study of St-DVB proportions for the PS synthesis
Two proportions of St-DVB (w/w) were studied (32:1 and 2:1), 

initially without the addition of porogen. PS samples were prepared in 
glass vials. Table 1 presents the detection efficiency and quenching 
parameter values for measurements obtained after the complete evap
oration of 25 µL of a 99Tc standard solution previously applied to the PS 
surface.

The detection efficiency values obtained are quite high, considering 
that the radionuclide is deposited on the surface of the PS, which means 
some beta radiation could be emitted in opposite direction to the scin
tillator. These results suggest some penetration into the PS may occur, as 
detection efficiencies exceed 50 %. Moreover, the results can be 
considered reproducible as relative standard deviation is of 2 % and 
8 %. The SQP(E) values are lower than those typically observed in PS 
microspheres (around 800) indicating that light transmission is not fully 
efficient and some quenching effects are happening. The presence of 
DVB may contribute causing chemical quenching. However, increasing 
the DVB from 32:1 to 2:1 only causes a slight decrease in the SQP(E) and 
detection efficiency, suggesting that quenching could also be attributed 
to other factors, such as optical effect from inefficient light transmission 
from the PS. The spectra obtained (Fig. 1) follow the same trend, with a 
shift to lower energies as the DVB proportion increases. Overall, both 
proportions perform similar (with 32:1 being slightly better) and are 
suitable for the PSkit preparation.

3.1.2. Study of porogens addition on PS synthesis
Two substances, heptane and toluene, were added to the polymeri

zation mixture as porogen. Since they do not bond with polymer struc
ture, they can be removed through lixiviation with an organic solvent. 
Three different amounts of porogen (0.25/0.5/1 mL) were evaluated in 
both PS proportions (32:1 and 2:1).

PS in the 32:1 proportion did not form correctly with any of the 
porogen amounts studied. This was due to the combination of too much 
porogen and too little crosslinker, resulting in PS that lacked sufficient 
mechanical stability and become deformed or shrank.

PS in the 2:1 proportion synthesised with toluene showed some lack 
of reproducibility in terms of geometry. However, this issue was not 
observed when using heptane. Additionally, some PS samples did not 
adhere to the bottom of the glass vial, especially when 1 mL of porogen 
was used.

PS successfully prepared were assessed using a scanning electron 
microscope (SEM). A top and cross-sectional view of some of the foils 
can be seen in Fig. 2.

PS samples prepared with toluene exhibited surface roughness and 
visible channels in the cross-section. However, there was no clear 

evidence of pore formation. In contrast, PS samples prepared with 
heptane revealed several spots on the surface, and the cross-section 
displayed a different texture compared to those prepared with toluene. 
This texture appeared more consistent with a conglomeration of poly
mer, potentially allowing the diffusion of the extractant and/or the 
sample when applied.

These PS were used to measured 99Tc through drop deposition and 
subsequent dryness evaporation (Table 2). The detection efficiency 
increased with the amount of porogen added. Moreover, PS prepared 
with toluene showed lower detection efficiency compared with heptane. 
This may be correlated with a higher penetration of the solution into the 
PS surface, indicating greater porosity, when using heptane and high 
amount of porogen. Values of relative standard deviation are between 
3 % and 12 % which indicate an acceptable reproducibility.

Analysis of the spectra reveals that the spectrum obtained using 1 mL 
of porogen appears at higher energy levels, correlating with the higher 
efficiency observed (Fig. 3). No luminescence peak was observed in the 
spectra, even when the PSkit was measured immediately after prepa
ration. This observation was in accordance with previous experience 
with PSresin, where only when using very high nitric acid concentration 
(HNO3 8 M) luminesce was observed on the first channels (0− 200) [10, 
11]. Nevertheless, if the measurement is not needed immediately, it is 
recommended to store the vials in the dark at least 2 h before 
measurement.

Based on the results, 1 mL of heptane with a 2:1 St-DVB proportion 
was selected as the optimal porogen. This choice ensures a higher like
lihood of the PS adhering to the vial, while also providing higher effi
ciency and spectra at higher energies levels.

3.1.3. Glass vs plastic vial
Glass and plastic vials were compared directly using the PSkits. 

Although the 2:1 proportion with heptane shows more promising re
sults, the 32:1 proportion without porogen was also included in the 
study to examine if crosslinker quantity or porous presence could affect 
other factors. The synthesis of PS in plastic vials (32:1 and 2:1 propor
tion with 1 mL of heptane) was successful, with only a slight deforma
tion of the vial due to the heating. The preparation of PSkits by adding a 
solution of aliquat⋅336® in methanol and evaporating the solvent was 
also successful across all formats (type of vial and PS composition).

The PSkits were tested by exposing them to a 10 mL solution of 99Tc 
in HCl 0.1 M, followed by 3 min shaking in a vortex. After a contact time 
of 24 h, the PSkits were emptied. Both, the PSkit and the solution were 
then measured using a scintillation counter to determine the detection 
efficiency and the retention of 99Tc (Table 3). Notably, some PSkits 
prepared in glass vials become unglued during shaking, confirming 
previously observed issues with PS preparation. In contrast, plastic vials 
remained stable with the PS firmly adhered to the inner surface of the 
vial.

In all cases retention rates for 99Tc were nearly quantitative, 
demonstrating that the extractant effectively coats the PS and traps the 
Tc in the solution.

Detection efficiencies showed significant differences between glass 
and plastic vials, with higher efficiencies observed for plastic vials. This 
can be attributed to the greater mechanical stability of the plastic PSkits 
and also to the better light transmission through the vial walls. This is 
confirmed by the spectra (Fig. 4) as the glass 32:1 vials presented a two- 
peak signal with a band at very low energies, indicating poor photon 
emission quality.

Moreover, plastic PSkits achieved an efficiency above 50 %, as ex
pected from the 2π geometries of the detection device. This higher ef
ficiency could be attributed to the surface roughness of the PS in the 
plastic vials, which may facilitate the penetration of the extractant in the 
polymer surface. This might also explain why PSkit with heptane pro
duce better results and more energetic spectrum. In conclusion, plastic 
vials were selected for the preparation of PSkits.

Table 1 
Detection efficiencies and SQP(E) for 32:1 and 2:1 St:DVB PS.

St:DVB Efficiency [%] SQP (E)

32:1 57 (1) 670 (10)
2:1 52 (4) 653 (36)

X. Mendo et al.                                                                                                                                                                                                                                  Journal of Hazardous Materials 480 (2024) 135796 

4 



3.2. Analysis method development

With the PSkits configuration established and its capacity for 99Tc 
retention and measurement demonstrated, the usage conditions were 
explored and optimized. The optimization focused on reducing time, 
analytical steps, and interference contribution. PSkits used in this 
evaluation correspond to the 32:1 and 2:1 + 1 mL of heptane St:DVB 
proportions in plastic vials.

3.2.1. Exposure time optimization
PSkits were designed to quickly, selectively, and semi-quantitatively 

characterize nuclear waste. The initial 24-hour exposure time used in 

Fig. 1. 99Tc Spectrum of 32:1 and 2:1 PSkits.

Fig. 2. SEM images of the 2:1 proportion PS: PS-toluene-0.5 (a) surface and b) cross-section) and PS-heptane-1 (a) surface and b) cross-section).

Table 2 
99Tc detection efficiency and SQP (E) of the 2:1 PS with porogen.

Porogen Volume Detection efficiency (%)

Toluene 1 47 (2)
0.5 41 (5)
0.25 43 (1)

Heptane 1 52 (1)
0.5 49 (6)
0.25 45 (2)
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scintillation studies is not practical for this purpose. Therefore, exposure 
times of 1, 10, 30 min, 4, and 24 h were evaluated to determine their 
impact on detection efficiency and retention rate (Fig. 5).

Retention and detection efficiency clearly increase with contact time, 
indicating that more time enhances the interaction between the radio
nuclide and the extractant, allowing it to penetrate in the PS. Variability 
between replicate measurements also decreases with time, 

demonstrating the stability of the extraction and detection process. 
However, the values obtained at 1, 10, and 30 min are acceptable for 
pseudo-quantitative detection and, therefore, 30 min was selected as the 
analysis time, enabling fast analysis while meeting the proposed 
objective.

3.2.2. Stirring method optimization
The interaction between 99Tc in the solution and the PSkits can be 

enhanced by the exposure time but also through shaking the solution. To 
evaluate this, three simple shaking methods were compared: gentle 
stirring with soft circular movements of the vial for 5 min, vigorous 
vertical shaking of the vial by hand for 1 min, and vortex stirring at 
3000 rpm for 1 min. Table 4 show the retention and detection efficiency 
values obtained when analysing 10 mL solutions containing 99Tc.

PSkits measurements were reproducible as low relative standard 
deviations are obtained, all below 5 %. Furthermore, detection effi
ciencies and retention rates increased in all cases, achieving comparable 

Fig. 3. 99Tc spectra with porous PSkits.

Table 3 
Detection efficiencies retention glass and plastic PSkits.

Composition Type 
of vial

Background 
(cpm)

Detection efficiency 
(%)

Retention 
(%)

32:1 Glass 7.8 20 (2) 98.8 (0.2)
Plastic 1.1 56 (2) 98 (1)

2:1 with 
1 mL 
heptane

Glass 7.3 42 (10) >99.5
Plastic 1.3 65 (3) 97 (1)

Fig. 4. 99Tc PSkit spectra in glass and plastic PSkits.
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to those achieved with a 24 h contact. Comparing different stirring 
methods, detection efficiencies and retention rates were observed 
regardless of the method used. That means that even mild agitation is 
sufficient to ensure effective interaction between 99Tc and the PSkit, and 
that the PS and the extractant are well fixed and capable to support a 
very strong agitation as that of the vortex.

Among the methods studied, gentle stirring was chosen for future 
experiments due to its simplicity and feasibility for field use, requiring 
no specialized equipment.

3.2.3. Interferents retention
When analyzing real samples from nuclear facilities, it’s common for 

99Tc to be mixed with other radionuclides produced during the nuclear 
fission process. Therefore, it is essential to examine the most frequently 
encountered radionuclides in these samples to assess their potential 
impact on the characterization of 99Tc with PSkits. The studied radio
nuclides included 137Cs, 90Sr/90Y, 36Cl, 238Pu, 236U and 230Th. In this 
case, after gently stirring the PSkit with the 10 mL solution containing 
the interfering radionuclide in 0.1 M HCl media, the PSkits were rinsed 
with 0.1 M HCl followed by double deionized water. The retention rate 
results are presented in Table 5.

Most of the radionuclides exhibited retentions below 3 % after both 
rinsing steps, suggesting that they do not significantly interfere with 
99Tc measurement. However, 238Pu and 230Th showed partial retention 
in in HCl, which decreased to around 10 % after rinsing with double 
deionized water. Nevertheless, retention of those radionuclides, as being 
both alpha emitters, could be detected by spectrum analysis as their 
signals are characterized by a sharp peak at channel 300 and to get 
beyond channel 500.

3.3. Sample analysis

3.3.1. Nuclear waste: Handford site
Validation of the PSkits was conducted through the analysis of 

complex samples simulating radioactive wastes at the Hanford site. The 

Handford site, operational from 1943 to 1990, was the largest nuclear 
production complex overseen by the US federal government, primarily 
focused on the production and processing of plutonium for nuclear 
weapons industry. Nine nuclear reactors were used to irradiate 238U and 
generate plutonium. The extraction of plutonium generated radioactive 
waste that included fission fuel, radioactive byproducts, and the chem
icals used in plutonium processing and separation. This radioactive 
waste, rendered highly alkaline due to addition of NaOH, weas stored in 
177 tanks with varying chemical and radiochemical compositions. From 
these tanks, two were selected (AN106 and AP101) as both contain 99Tc 
and only contain liquid waste (unlike other tanks that also contained 
sludge)[22–26]. Despite the real waste contained 137Cs and 90Sr at ac
tivities several orders of magnitude higher than other radionuclides, the 
activities of the radionuclides in the two test mixtures (A and B) were 
kept at the same order of magnitude. Mixture A contained 99Tc, 137Cs 
and 90Sr (1.7; 4 and 2.7 Bq respectively), while the mixture B 99Tc, 63Ni, 
238Pu, and 236U (2.1 Bq of each). Blank samples, containing the same 
mixtures without 99Tc, were also analysed for comparison.

Samples and blanks were analysed using two procedures (P1 and P2) 
due to the highly basic nature of the matrices. Count rates on blank 
samples (without 99Tc) are shown in Fig. 6, compared to the background 
(1.5 cpm) and the limit of detection (2.3 cpm) for a 1-hour counting 
period. The values for Mixture A are comparable to matrix blanks and 
below the LD in all cases (8 of 8 cases). However, mixture B blanks have 
higher count rates, with 6 out of 8 cases, above the LD, likely due to the 

Fig. 5. Variation of the PSkits retention and the detection efficiency for 1, 10, 30 min and 4 and 24 h exposure to 99Tc solution.

Table 4 
Comparison of stirring methods. 99Tc retention and detection efficiency after 
gentle, vigorous or vortex stirring.

PSkit Stirring Procedure Retention rate (%) Detection Efficiency (%)

32:1 Gentle 86 (2) 55 (1)
Vigorous 77 (3) 50 (0)
Vortex 91 (2) 55 (2)

2:1 Gentle 85 (2) 49 (2)
Vigorous 83 (4) 49 (2)
Vortex 90 (3) 52 (3)

Table 5 
Interference retention on PSkits after HCl 0.1 M and H2O double deionised 
rinses.

Radionuclide PSkit Radionuclide retention (%)

HCl 0.1 M H2O double deionised
63Ni 32:1 n.d. n.d.

2:1 n.d. n.d.
241Am 32:1 n.d. n.d.

2:1 n.d. n.d.
137Cs 32:1 4 3

2:1 1 1
90Sr 32:1 6 4

2:1 2 2
36Cl 32:1 3 2

2:1 3 3
238Pu 32:1 30 17

2:1 15 7
236U 32:1 4 2

2:1 1 1
230Th 32:1 11 1

2:1 11 8

n.d.: non detected
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presence of 238Pu, which is slightly retained as previously seen. When 
comparing methods, P1 method provides better results (6 out of 8) than 
P2 (4 out of 8), probably because the basic medium in P1 do not facil
itate the retention of radionuclides in the PSkit.

Quantification errors for 99Tc active samples are shown in Table 6. 
For this purpose, a constant value of retention and detection efficiency, 
obtained from standards, was directly applied on the count rate mea
surement of the PSkit. The values obtained are below 25 % in 80 % of 
the cases, and all are below 50 % which is acceptable for a pseudo- 
quantitative method and demonstrate that the method is accurate 
enough for its purpose. Relative uncertainty associated to each deter
mination (k = 1) was around 19 % for 32:1 PSkits and 10 % for 2:1. 
These values of uncertainty, slightly lower than the errors obtained in 
the quantification, implies that sample analysis method introduces some 
uncertainty on the determination. Nevertheless, these differences are 
acceptable considering the complexity of the samples and the simplicity 
of the measurement.

Among the analysis methods, P2 provides lower errors in 7 out of 8 
cases, likely because the medium of retention in these samples is more 
similar to that of the calibration standards, making the retention value 
used more accurate. No significant trend was observed regarding the 
type of PSkit, sample matrix, or mixture, indicating that quantification is 
not dependent on these variables.

Spectra obtained for the Handford samples aligned with the typical 
broad band observed in the 99Tc standards (Fig. 7). This confirmed that 
the radionuclide measured was 99Tc. The observed deviations likely 
stems the retention and efficiency values used, which may vary from one 
sample to another. This variability can be considered acceptable given 
the sample treatment, measurement method, and the purpose of the 

analysis.
Finally, the limit of detection at different counting times and sample 

volumes was calculated (Fig. 8). LD values achieved are higher than 
those required for environmental samples or aliments (few Bq/L) 
although they are acceptable for determining if exemption values for 
99Tc in moderate or bulk materials, 104 Bq/g and 1 Bq/g, are surpassed 
or not, which was the objective of the methodology.

3.3.2. Urine simulated samples
Given that technetium is also a radionuclide commonly used in nu

clear medicine, the application of PSkits was tested by analysing real 
urine samples spiked with 99Tc. For this analysis, 1 mL of urine spiked 
with 99Tc was added to the PSkit, followed by 9 mL of HCl 0.1 M to 
adjust the pH. The shaking and rinsing procedures were identical to 
those used for nuclear waste samples. As the quantification results 
showed no differences based on the type of PSkit, the study was per
formed with the 2:1 proportion with 1 mL of heptane alone.

Firstly, three matrix blanks were measured to confirm that the 
background registered, 1.6 cpm, was consistent with that obtained with 
a blank of reagents (1.5 cpm). Subsequently, three urine samples were 
analysed and quantified using the detection efficiency and retention 
values obtained with standard solutions. The samples were spiked at two 
activity levels: the minimum detectable activity (0.07 Bq) and 4 to 5 
times the MDA (one sample was analyzed in triplicate at this level). 
Count rate and relative errors are show in Table 7.

At the low activity level, two of the samples could not be quantified 
as their count rates were below MDA, while the sample above the MDA 
was quantified with high but acceptable error. At the high activity level, 
the samples were quantified with errors below 20 %, indicating that the 
urine matrix has a minimal effect on the retention (i.e. organic matter) 
and on the detection efficiency (i.e. colour quenching). This suggest that 
calibration with HCl 0.1 M is valid. This conclusion is supported by the 
spectra, which were consistently positioned and had the same shape. .

Moreover, the experimental standard deviation obtained for the 
sample analysed by triplicate (S1_H), 1.7 Bq (9 % of RSD), was slightly 
lower that the theoretical uncertainty calculated from the count rate, 
retention and detection efficiency, 2.2 Bq (12 % or relative uncertainty), 
confirming that the relative uncertainty of the method is around 10 % 
(k = 1).

Fig. 6. Background, limit of detection and blank samples count rate (error bars correspond to counting statistics).

Table 6 
Relative errors on nuclear waste sample quantification.

Procedure PSkit Sample matrix Mixture A Mixture B

P1 32:1 AN106 16 11
AP101 15 11

2:1 AN106 − 25 3
AP101 11 3

P2 32:1 AN106 31 18
AP101 44 12

2:1 AN106 − 36 3
AP101 − 1 18
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4. Conclusion

A novel PS system, named PSkits, for the pseudo-quantitative anal
ysis of 99Tc was successfully developed. The development include the 
design of the PSkit and the procedure of analysis and validation with 
spiked samples.

Adding a crosslinker during the preparation of the PS slightly de
creases the detection efficiency of PSkits but enabled the incorporation 

of a porogen. The optimal conditions were found to be the addition of 
1 mL of heptane as a porogen to the 2:1 St:DVB proportion, which 
generated a porous surface. Results obtained with this PSkit were 
comparable to those with a 32:1 proportion without porogen.

Plastic vials proved to be the best choice for PSkits preparation due to 
their robustness and higher quality values compared to glass vials. 
Stirring reduced the analysis time to 30 min while maintaining accept
able retention and detection efficiency values. The optimal method 
involved gently stirring the vial with soft circular movements for 5 min. 
Under these conditions, the retention and detection efficiency for 99Tc 
were approximately 80 % and 50 %, respectively.

The PSkit demonstrated good selectivity against common in
terferences, except for plutonium, with the studied rinsing media.

The analysis of simulated radioactive waste and spiked urine samples 
using PSkits showed acceptable errors for a pseudo-quantitative method, 
making it valid for the screening analysis of nuclear waste and urine 
samples.

Environmental implication

Incorrect characterization of nuclear waste from nuclear power 
plants (NPP) or hospitals can lead to the spread of radionuclides in the 

Fig. 7. Normalized spectra of the 99Tc samples compared to a standard sample.

Fig. 8. Limit of detection for the analysis of nuclear waste samples

Table 7 
Relative errors on urine sample quantification.

Urine Sample Activity spiked 
(Bq)

Count rate (cpm) Relative error (%)

S1_L 0.069 2.1* < MDA
S2_L 0.077 2.4 58
S3_L 0.082 2.2* < MDA
S1_H 0.37 8.2 − 3

7.3 12
7.2 14

S2_H 0.35 7.9 6
S3_H 0.34 6.9 19

* Limit of detection was set on 2.3 cpm
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environment or the improper disposal of non-radioactive materials. 
Effective waste management and reduction of its environmental impact 
rely heavily on the ability to accurately and efficiently analyse as many 
samples as possible. The development of PSkits for the selective and fast 
characterization of nuclear waste containing 99Tc, a radionuclide of 
environmental concern due to its high mobility in water, will aid in 
nuclear waste management and promote environmental protection.
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2019. Nuclear medicine: workplace monitoring and internal occupational exposure 
during a ventilation/perfusion single-photon emission tomography. Radiat Environ 
Biophys 58, 407–415 https://doi-org.sire.ub.edu/10.1007/s00411-019-00798-x. 

[5] IAEA, “Decommissioning Strategies: Status, Trends and Issues, NTR2010 
Supplement”, IAEA General Conference documents, GC(54)/INF/3/Att.4. 2010. 
https://www.iaea.org/sites/default/files/gc/gc54inf-3-att4_en.pdf.

[6] IAEA, “Strategy and methodology for radioactive waste characterization”, IAEA- 
TECDOC-1537. International Atomic Energy Agency, ISBN 92–0–100207–6 2007. 
https://www-pub.iaea.org/mtcd/publications/pdf/te_1537_web.pdf.

[7] Goudeau, V., Daniel, B., Dubot, D., 2019. Mobile laboratories: an innovative and 
efficient solution for radiological characterization of sites under or after 
decommissioning. J Environ Radio 196, 194–198. https://doi.org/10.1016/j. 
jenvrad.2017.04.010.

[8] Seidl, R., Flüeler, T., Krütli, P., 2021. Sharp discrepancies between nuclear and 
conventional toxic waste: technical analysis and public perception. J Hazard Mater 
414, 125422. https://doi.org/10.1016/j.jhazmat.2021.125422.

[9] Tarancón, A., Bagán, H., García, J.F., 2017. Plastic scintillators and related 
analytical procedures for radionuclide analysis. J Radio Nucl Chem 314 (2), 
555–572. https://doi.org/10.1007/s10967-017-5494-5.

[10] Bagán, H., Tarancón, A., Rauret, G., García, J.F., 2011. Radiostrontium separation 
and measurement in a single step using plastic scintillators plus selective 
extractants. Application to aqueous sample analysis. Anal Chim Acta 686 (1–2), 
50–56. https://doi.org/10.1016/j.aca.2010.11.048.

[11] Barrera, J., Tarancón, A., Bagán, H., García, J.F., 2016. A new plastic scintillation 
resin for single-step separation, concentration and measurement of technetium-99. 
Anal Chim Acta 936, 259–266. https://doi.org/10.1016/j.aca.2016.07.008.

[12] Coma, A., Tarancón, A., Bagán, H., García, J.F., 2019. Automated separation of 
99Tc using plastic scintillation resin PSresin and openview automated modular 
separation system (OPENVIEW-AMSS). J Radio Nucl Chem 321 (3), 1057–1065. 
https://doi.org/10.1007/s10967-019-06659-7.

[13] TrisKem International, “Product sheet TEVA resin,” 2015. https://www.triskem- 
international.com/scripts/files/5f463452902878.84967331/PS_TEVA-Resin_EN_ 
160927.pdf.

[14] Tong, J., Yang, J., Li, X., Hu, K., Lu, Y., Wang, M., et al., 2024. Ultrafast and 
selective capture of 99TcO4

- /ReO4
- from wastewater by hyper-branched quaternary 

ammonium group-functionalized resin. J Hazard Mater 466, 133671. https://doi. 
org/10.1016/j.jhazmat.2024.133671.

[15] Hou, X., Roos, P., 2008. Critical comparison of radiometric and mass spectrometric 
methods for the determination of radionuclides in environmental, biological and 
nuclear waste samples. Anal Chim Acta 608 (2), 105–139. https://doi.org/ 
10.1016/j.aca.2007.12.012.

Fig. 9. Normalized count rate spectrum of 99Tc spiked urine sample and HCl 0.1 M standard measured with PSkit.

X. Mendo et al.                                                                                                                                                                                                                                  Journal of Hazardous Materials 480 (2024) 135796 

10 

https://doi.org/10.1631/jzus.B1400131
https://www.oecd-nea.org/upload/docs/application/pdf/2019-12/7191-rd-innovation-needs.pdf
https://www.oecd-nea.org/upload/docs/application/pdf/2019-12/7191-rd-innovation-needs.pdf
http://refhub.elsevier.com/S0304-3894(24)02375-6/sbref2
http://refhub.elsevier.com/S0304-3894(24)02375-6/sbref2
http://refhub.elsevier.com/S0304-3894(24)02375-6/sbref2
http://refhub.elsevier.com/S0304-3894(24)02375-6/sbref2
https://doi.org/10.1016/j.jenvrad.2017.04.010
https://doi.org/10.1016/j.jenvrad.2017.04.010
https://doi.org/10.1016/j.jhazmat.2021.125422
https://doi.org/10.1007/s10967-017-5494-5
https://doi.org/10.1016/j.aca.2010.11.048
https://doi.org/10.1016/j.aca.2016.07.008
https://doi.org/10.1007/s10967-019-06659-7
https://doi.org/10.1016/j.jhazmat.2024.133671
https://doi.org/10.1016/j.jhazmat.2024.133671
https://doi.org/10.1016/j.aca.2007.12.012
https://doi.org/10.1016/j.aca.2007.12.012


[16] Holm, E., 1993. Radioanalytical studies of Tc in the environment: progress and 
problems. Radiochim Acta 63, 57–62. https://doi.org/10.1524/ract.1993.63. 
special-issue.57.

[17] Garcia-Leon, M., 2005. 99Tc in the environment: sources, distribution and methods. 
J Nucl Radiochem Sci 6 (3), 253–259. https://doi.org/10.14494/jnrs2000.6.3_253.

[18] Jurisson, S.S., Lydon, J.D., 1999. Potential technetium small molecule 
radiopharmaceuticals. Chem Rev 99 (9), 2205–2218. https://doi.org/10.1021/ 
cr980435t.

[19] Papagiannopoulou, D., 2017. Technetium-99m radiochemistry for pharmaceutical 
applications. J Label Comp Radio 60 (11), 502–520. https://doi.org/10.1002/ 
jlcr.3531.

[20] Bagán, H., Tarancón, A., Ye, L., García, J.F., 2014. Crosslinked plastic scintillators: 
a new detection system for radioactivity measurement in organic and aggressive 
media. Anal Chim Acta 852, 13–19. https://doi.org/10.1016/j.aca.2014.10.028.

[21] Currie, L.A., 1968. Limits for qualitative detection and quantitative determination 
application to radiochemistry. Anal Chem 40 (3), 586–593. https://doi.org/ 
10.1021/ac60259a007.

[22] Colburn, H.A., Peterson, R.A., 2021. A history of Hanford tank waste, implications 
for waste treatment, and disposal. Environ Prog Sustain Energy 40 (1). https://doi. 
org/10.1002/ep.13567.

[23] Delegard, C.H., Jones, S.A., 2015. Chemical disposition of plutonium in hanford 
site tank wastes. U.S. Department of Energy,.

[24] S.F. Agnew, M. Hanford, D. Richland, L. Alamos, “Hanford Tank Chemical and 
Radionuclide Inventories: HDW Model Rev. 4.”, LA-UR-96–3860 Rev. 4. Los 
Alamos. National Laboratory, Los AIamos, New Mexico. 1997.

[25] Babad, H., Cash, R.J., Deichman, J.L., Johnson, G.D., 1993. High-priority hanford 
site radioactive waste storage tank safety issues: an overview. J Hazard Mater 35 
(3), 427–441. https://doi.org/10.1016/0304-3894(93)85047-I.

[26] Page, Jason S., Reynolds, Jacob G., Ely, Tom M., Cooke, Gary A., 2018. 
Development of a carbonate crust on alkaline nuclear waste sludge at the Hanford 
site. J Hazard Mater 342, 375–382. https://doi.org/10.1016/j. 
jhazmat.2017.08.033.

X. Mendo et al.                                                                                                                                                                                                                                  Journal of Hazardous Materials 480 (2024) 135796 

11 

https://doi.org/10.1524/ract.1993.63.special-issue.57
https://doi.org/10.1524/ract.1993.63.special-issue.57
https://doi.org/10.14494/jnrs2000.6.3_253
https://doi.org/10.1021/cr980435t
https://doi.org/10.1021/cr980435t
https://doi.org/10.1002/jlcr.3531
https://doi.org/10.1002/jlcr.3531
https://doi.org/10.1016/j.aca.2014.10.028
https://doi.org/10.1021/ac60259a007
https://doi.org/10.1021/ac60259a007
https://doi.org/10.1002/ep.13567
https://doi.org/10.1002/ep.13567
http://refhub.elsevier.com/S0304-3894(24)02375-6/sbref18
http://refhub.elsevier.com/S0304-3894(24)02375-6/sbref18
https://doi.org/10.1016/0304-3894(93)85047-I
https://doi.org/10.1016/j.jhazmat.2017.08.033
https://doi.org/10.1016/j.jhazmat.2017.08.033

	Ultra-fast, selective and pseudo-quantitative analysis of 99Tc in nuclear waste for screening purposes
	1 Introduction
	2 Experimental section
	2.1 Reagents
	2.2 Apparatus
	2.3 Procedures
	2.3.1 PS and PSkits synthesis
	2.3.2 PS characterization
	2.3.3 PSkits characterization
	2.3.4 Analysis of simulated nuclear waste samples
	2.3.5 Analysis of spiked urine samples

	2.4 Data treatment

	3 Results
	3.1 PSKits development
	3.1.1 Study of St-DVB proportions for the PS synthesis
	3.1.2 Study of porogens addition on PS synthesis
	3.1.3 Glass vs plastic vial

	3.2 Analysis method development
	3.2.1 Exposure time optimization
	3.2.2 Stirring method optimization
	3.2.3 Interferents retention

	3.3 Sample analysis
	3.3.1 Nuclear waste: Handford site
	3.3.2 Urine simulated samples


	4 Conclusion
	Environmental implication
	CRediT authorship contribution statement
	Declaration of generative AI and AI-assisted technologies in the writing process
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	References


