
Rüveyda Kübra İleri Durmuş , Sema Akyil Erentürk*

Department Energy Institute, Istanbul Technical University, İstanbul, Turkey.

Ö Z

Bu çalışmada, sulu bir çözeltiden 126Sn ve 79Se radyonüklidlerin uzaklaştırılması için PAN/Zeolit bazlı kompozit bariyer 
malzemesinin performansı değerlendirildi. Kompozit bariyer malzemesinin performans değerlendirmesi 126Sn ve 79Se 

radyonüklidleri için SWOT analizi kullanılarak ayrı ayrı yapılmıştır. Ayrıca, radyoaktif atık depolama alanlarından bu radyo-
nüklitlerin yanlışlıkla salınması durumunda, insan dışı canlılara yönelik riskler değerlendirilmiştir.  Bu riskler ERICA assess-
ment tool kullarak tatlı su ve karasal biotaların alacağı toplam dozlar hesaplanarak değerlendirilmiştir. Tatlı sudaki kabuklu-
lar, fitoplankton ve vasküler bitkiler gibi referans biyotaların maruz kaldığı toplam doz aralığı, kompozit bariyer malzemesi 
kullanılarak 126Sn izotopu için 4.02E6-3.87E9 µG h-1'e ve 79Se izotopu için 3.35E07-1.92E12 µG h-1'e düşürülmüştür. Annelidler, 
çimenler, likenler ve briyofitler, memeliler ve ağaçlar gibi karasal referans biyotasında, maruz kalınan toplam doz aralığı 126Sn 
için 7.41E04-4.51E06 µG h-1ya ve 79Se için 2.15E06-5.53E09 µG h-1'e düşürülmüştür. 

Anahtar Kelimeler
Radyoaktif atık depoları, kompozit bariyer, Kalay-126, Selenyum-79, risk değerlendirmesi.

A B S T R A C T

In this study, the performance of PAN/Zeolite-based composite barrier material was evaluated for the removal of 126Sn and 
79Se radionuclides from an aqueous solution. Performance evaluation of the composite barrier material was performed 

separately for 126Sn and 79Se radionuclides using SWOT analysis. In addition, the risks to non-human organisms in case of 
accidental release of these radionuclides from radioactive waste landfills have been evaluated. These risks were evaluated 
by calculating the total doses of freshwater and terrestrial biota using the ERICA assessment tool. The exposed total dose 
range of reference biota as such crustaceans, phytoplankton, and vascular plants in freshwater was decreased to 4.02E6-
3.87E9 µG h-1 for 126Sn isotope, and 3.35E07-1.92E12 µG h-1 for 79Se isotope using composite barrier material. In terrestrial 
reference biota such as annelids, grasses and grasses, lichens and bryophytes, mammals and trees, the exposed total dose 
range was decreased to 4.51E06-7.41E04 µG h-1 for 126Sn and 2.15E06-5.53E09 µG h-1 for 79Se.
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INTRODUCTION

Nuclear power plants seem to key solution for the 
increasing energy demand by the high capacity 

factor, preventing climate change; nevertheless, the ra-
dioactive wastes problem because of their high radioac-
tivity are waiting for a permanent solution like conduc-
ting studies on the storage and disposal of radioactive 
waste repositories. The main concern of the waste re-
positories is to attain the water to the waste repository 
and to migrate the radionuclides in the waste packages 
to the biosphere. In order to protect the waste reposi-
tory from the water and prevent the migration of the 
radionuclides in waste packages, the multi-barrier con-
cepts composed of the engineered barriers and geolo-
gical formation were developed and has been studied 
by researchers and authorities since the 1970s [1,2].

The main reason for developing the engineered barri-
er is the adsorption of the radionuclides having a long 
half-life and extension of the time that attain the ra-
dionuclides to the biosphere; therefore, the concent-
ration of the radionuclides is decreased and they will 
not jeopardize human and ecosystem health. In order 
words, Engineered barriers work for the extension of 
the time to attain the radionuclides to the biosphere 
and for prevention of the attain the water to the waste 
repository; therefore, they work bi-directional. In the 
absence of the engineered barrier, water succeeds to 
meet the waste repository and radionuclides migrate 
to the biosphere earlier and more concentration than 
expected without adsorption [1,2].

In the design phase of the multi-barrier, the design of 
the engineered barriers is shaped by the geological for-
mation and radioactive waste repositories. However, 
one of the engineered barriers is generally made of the 
buffer material where radionuclides contact firstly. The 
buffer materials should be designed to adsorb more 
radionuclides having a long half-life. Furthermore, the 
buffer materials should be designed with high chemical, 
physical and structural properties such as low permea-
bility, high plasticity, and high cation exchange capacity 
[3-8].

79Se and 126Sn are remarkable radionuclides in the was-
te packages because they are long half-live fission pro-
ducts and radiologically harmful in the spent nuclear 
fuel [9-11]. The fission efficiency for 126Sn and 79Se are 
0.0236% and 0.04%, respectively [11,12]. The half-life of 

126Sn is 2.35x105 and it is a dangerous beta (max = 252 
keV) and gamma (87.6, 86.94 or 64.3 keV) emitter by 
thermal neutrons although it has a relatively low pro-
duction of about 0.056% is a fission product. The half-
life of 79Se is 65000 years and it is potentially dangerous 
for beta radiation (max = 0.056 MeV) [12]. According to 
the Belgian deep geological repository, 79Se is seemed 
to the main contributor to the activity release. Seleni-
um is also redox-sensitive radionuclides that shows oxi-
dation states as -II, 0, IV and VI in aquatic media.  

According to the recommendation of the Internati-
onal Commission on Radiological Protection (ICRP) 
in 1978, while defending the view that “if people are 
sufficiently protected, other living organisms will also 
be adequately protected”. In 1991, it was stated that 
environmental control is also necessary for humans to 
be adequately protected, that other species should not 
be at risk, that non-human organisms may occasionally 
be harmed, but cannot endanger endangered species 
or create an imbalance between species. This change 
in the paradigm of the ICRP has accelerated the work 
carried out within the framework of the protection 
of non-human species from radiation. Since it will not 
be possible to evaluate the effects of radiation on all 
species in the ecosystem, separate assessments are 
made for reference organisms, exposure routes and 
terrestrial, freshwater and marine environments. With 
the ERICA (Environmental Risk from Ionizing Contami-
nants: Assessment and Management) program, which is 
a modelling simulation developed for this purpose, it is 
possible to predict the transfer of environmental or ra-
dionuclide pollution on the reference plants or animals, 
to determine the equivalent dose amount to which the 
biota will be exposed, and to evaluate the impact [13].

Within the framework of this paradigm, the doses to be 
exposed to non-human biota as a result of the release 
of 126Sn and 79Se into the environment as a result of an 
accident that may occur in radioactive waste repository 
areas were calculated using the ERICA Tool Program. 
The exposed total doses of selected freshwater and 
terrestrial reference biota were evaluated separately 
in the presence and absence of the composite barrier 
material used in the waste storage area. SWOT analysis 
was used to show strengths, weaknesses, opportunities, 
and threats of the composite barrier material. 
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MATERIALS and METHODS

ERICA assessment tool is a product developed within 
the 6th Framework project ERICA and is one of the most 
inclusive assessments that has been recognized and 
used by international organizations such as ICRP, IAEA. 
ERICA Assessment Tool is used for determination of the 
amount of equivalent dose to which it will be exposed 
and effect evaluation on reference plant or animal that 
is determined by IAEA and UNSCEAR by transfer of envi-
ronmental or radionuclide contamination [14,15]. Ioni-
zing radiation exposure, effects and risks, chemical and 
environmental risk characterization and environmental 
management can be performed in order to protect the 
ecosystem structure and function using this computer-
based software [16]. 

ERICA has 3 tiered approaches and it can be adapted to 
the specific assessment of using reference organisms. 
In Tier 1, only the selected elements of a specific area 
can be examined according to appropriate reference 
organisms and the risk assessment is made according to 
result by comparing against Environmental Media Con-
centration Limits (EMCL). The results are given as Risk 
Quotients (RQ):

RQ M
EMCL

n
n

n1

where, RQ= Total Risk quotient, Mn= measured or pre-
dicted maximal activity concentration for radionuclide 

“n” in the medium in Bq L-1 for water, Bq kg-1 (dry weight) 
for soil or sediment or Bq m-3 for air; EMCLn= Environ-
mental Media Concentration Limit for radionuclide “n” 
(same units as media) [16].

In Tier 2, selected elements in the specific area can be 
examined according to selected reference organisms 
and, the risk assessment is made according to the re-
sult. Selected reference organisms are representing the 
range of typical organisms from aquatic, terrestrial and 
marine environments. The results enable the calculati-
on of doses and identification of the potentially most 
exposed reference organism by using the concentration 
value (CR) in Bq kg-1 and distribution coefficient (Kd) in 
Bq kg-1. Tier 2 is important for determining the uncerta-
inties within the effects analysis part of the assessment 
[16]. 

In Tier 3, these results can be evaluated according to 
probability estimates. This tier enables to enter of the 
data for the site-specific probability distribution func-
tions and gives the uncertainties in the final dose-rate 
results. Sensitivity analysis is important for the parame-
ters on the effects on the model output and this helps 
to quantities the uncertainties especially cost-effective 
research [16]. 

In this study, ERICA Assessment Tool is used for the ef-
fect of the barrier on the dose exposure in the freshwa-
ter biota, i.e., crustacean, phytoplankton, vascular plant, 
and terrestrial biota i.e., annelid, grasses and herbs, 
lichen and bryophytes, mammal, shrub, tree. Initial Se 
and Sn concentration and remaining concentration in 
the solution after adsorption were converted to activity 
by using the following formula: 

A ln
t
x mN a
M
A=

2

1 2/

where A is activity (Bq), t1/2 is half-life of the nuclei (s), 
M is the molarity of the substance (kg mol-1), m is mass 
of substance (kg), NA is Avogadro’s number (mol-1), a is 
the abundance.

In order to calculate to the subjected dose of the fresh-
water reference biota in the ERICA Tool Assessment 
Program, the required distribution coefficient (Kd) value 
was calculated as:

K A A
A

xV
md

i e

e

�
�

where Ai is the activity concentration of the initial so-
lution (Bq mL-1), Ae is the activity concentration of the 
solution in equilibrium (Bq mL-1), V is the volume of the 
solution (mL), m is the amount of the adsorbent (0.05 g).

RESULTS and DISCUSSION

In the event of an accident that may occur in radioactive 
waste storage, the risks of the spread of waste radio-
nuclides to the environment have also been evaluated. 
The tin and selenium concentrations in the solution be-
fore and after the adsorption process were converted 
into activity units, and the performance of the barrier 
material to reduce the migration of tin and selenium 
ions into the ecosystem was investigated. 
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The different activity ranges between the 1.14E09 and 
1.71E10 Bq L-1 activity values, the ERICA Tool Assess-
ment program evaluated how much aquatic and ter-
restrial biota could receive as a result of leakage into 
the environment without barrier material in the waste 
area and the presence of barrier material. In the absen-
ce of barrier material, crustaceans, phytoplankton, and 

vascular plants, which are studied as freshwater biota, 
will be exposed to significant doses. The total dose ran-
ge to which this biota will be exposed varies between 
1.60E7 and 1.24E10 µG h-1 from the radioactive isotope 
of tin, and between 6.77E07 and 7.13E12 µG h-1 from 
the radioactive isotope of selenium (Table 1 and Table 
3). In the case of using barrier material, the total dose 

Sn

Freshwater

Without barrier With barrier

Crustaen Phytoplankton Vascular  Plant Crustaen Phytoplankton Vascular Plant

Max. Dose (µG h-1) 1.24E+10 2.41E+08 1.08E+10 3.87E+09 7.49E+07 7.49E+07

Min. Dose (µG h-1) 9.44E+08 4.01E+07 8.32E+08 2.37E+08 4.02E+06 4.02E+06

Table 1. Total 126Sn dose range for freshwater biota.

Se

Freshwater

Without barrier With barrier

Crustaen Phytoplankton Vascular  Plant Crustaen Phytoplankton Vascular Plant

Max. Dose (µG h-1) 7.13E+12 1.01E+09 1.07E+12 1.92E+12 2.73E+08 2.87E+11

Min. Dose (µG h-1) 4.75E+11 6.77E+07 7.11E+10 2.35E+11 3.35E+07 3.52E+10

Table 3. Total 79Se dose range for freshwater biota.

Sn

Terrestrial

Without barrier With barrier

Annelid
Grasses & 

Herbs

Lichen 

&bryophytes
Mammal Shrub Tree Annelid

Grasses & 

Herbs

Lichen 

&bryophytes
Mammal Shrub Tree

Max. Dose 

(µG h-1)
1.45E+07 5.45E+06 6.20E+06 1.35E+07 5.46E+06 4.43E+06 4.51E+06 1.69E+06 1.93E+06 4.20E+06 1.70E+06 1.38E+06

Min. Dose 

(µG h-1)
9.66E+05 3.63E+05 4.13E+05 9.00E+05 3.64E+05 2.95E+05 2.42E+05 9.11E+04 1.04E+05 2.26E+05 9.14E+04 7.41E+04

Table 2. Total 126Sn ddose range for terrestrial biota.

Se

Terrestrial

Without barrier With barrier

Annelid
Grasses & 

Herbs

Lichen 

&bryophytes
Mammal Shrub Tree Annelid

Grasses & 

Herbs

Lichen 

&bryophytes
Mammal Shrub Tree

Max. Dose 

(µG h-1)
1.52E+09 5.78E+08 2.06E+10 6.50E+07 1.86E+09 1.86E+09 4.09E+08 1.56E+08 5.53E+09 1.75E+07 4.99E+08 4.99E+08

Min. Dose 

(µG h-1)
1.01E+08 3.86E+07 1.37E+09 4.33E+06 1.24E+08 1.24E+08 5.02E+07 1.91E+07 6.79E+08 2.15E+06 6.13E+07 6.13E+07

Table 4. Total 79Se dose range for terrestrial biota.
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range to which this biota will be exposed decreases to 
4.02E6 to 3.87E9 µG h-1 for radioactive tin isotope, and 
3.35E07 to 1.92E12 µG h-1 for radioactive selenium iso-
tope. In the case of using a barrier, the external dose is 
reduced by approximately 70%.

In terrestrial reference biota such as annelids, grasses 
and grasses, lichens and bryophytes, mammals and 
trees, the observed total dose range in the case of not 
using barrier material is between 2.95E05 and 1.45E07 
µG h-1 for tin, and between 4.33E06 and 2.06E10 µG h-1 
for selenium (Table 2 and Table 4). In the case of using 
barrier material, the dose range to which this biota will 
be exposed has decreased by 70% and it is 4.51E06 to 
7.41E04 µG h-1 for tin and 2.15E06 to 5.53E09 µG h-1 
for selenium. Since the exposure to freshwater and 
terrestrial biota from the total doses originating from 
radioactive waste repositories has not been examined 
in another study before with the ERICA program, it was 
not possible to compare with the literature.

 SWOT analysis was used to evaluate the strengths, we-
aknesses, opportunities, and threats of the use of com-
posite barrier materials in the spread of radionuclides, 
which are dangerous for living things due to their long 
half-lives and activities in radioactive waste repository 
areas. The results of the SWOT analysis are given in Fig. 

1. Weaknesses can be improved for different radionuc-
lides by using composite barrier materials of different 
compositions. In addition, by investigating the interacti-
ons of different radionuclides with the barrier materials 
in more detail, it can be suggested to use different com-
posite barrier materials according to the radionuclide 
inventory of radioactive wastes.

CONCLUSION

In this study, the effectiveness of a composite barrier 
material for 126Sn and 79Se used in radioactive waste 
repository areas was evaluated. In accordance with 
the recommendation of the International Commission 
on Radiological Protection (ICRP), the ERICA Tool Prog-
ram was used to assess the total exposures of selected 
freshwater and terrestrial reference biota. The doses of 
freshwater and terrestrial biota originating from 126Sn 
and 75Se are significantly reduced in the presence of the 
composite barrier material. Some of the freshwater and 
terrestrial biota are more exposed to these doses.

In line with the results obtained, the usability of the 
composite barrier material was evaluated in terms of 
strengths, weaknesses, opportunities, and threats 
using SWOT analysis.

Figure 1. SWOT analysis for the composite barrier materials. 
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