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ABSTRACT  
 

The objective of this report is to review the different technologies for trapping the 

gaseous wastes containing Cs, Ru, Tc, 14C, Kr, Xe, I and 3H from a voloxidation 

process. Based on literature reviews and KAERI’s experimental results on the 

gaseous fission products trapping, appropriate trapping method for each fission 

product has been selected in terms of process reliability, simplicity, decontamination 

factor, availability, and disposal. Specifically, the most promising trapping method 

for each fission product has been proposed for the development of the INL off-gas 

trapping system. A fly ash filter is proposed as a trapping media for a cesium 

trapping unit. In addition, a calcium filter is proposed as a trapping media for 

ruthenium, technetium, and 14C trapping unit. In case of I trapping unit, AgX is 

proposed. For Kr and Xe, adsorption on solid is proposed. SDBC (Styrene Divinyl 

Benzene Copolymer) is also proposed as a conversion media to HTO for 3H. This 

report will be used as a useful means for analyzing the known trapping technologies 

and help selecting the appropriate trapping methods for trapping volatile and semi-

volatile fission products, long-lived fission products, and major heat sources 

generated from a voloxidation process. It can also be used to design an off-gas 

treatment system. 
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1. INTRODUCTION 
 
A responsible and sustainable deployment of nuclear energy should be based on a life 
cycle that maximizes the use and reuse of the resources and minimizes the amount of 
wastes, particularly those requiring geological disposition. The U.S. Advanced Fuel 
Cycle Initiative (AFCI) is developing an advanced spent fuel treatment process 
which will separate the major heat sources, volatile species, long-lived fission 
products, actinides, and cladding, and should be able to recover more than 95% of 
the spent fuel mass.  
 
The United States Department of Energy is developing a head-end fuel treatment 
process, known as the voloxidation process as part of the Advanced Fuel Cycle 
Initiative. Voloxidation, which involves oxidizing uranium oxide fuel using either air 
or oxygen, provides three important advantages when used as a head-end treatment 
process [1, 2]. First, it may be used to separate the fuel from the cladding. A 
decladding step is desirable in which it may simplify process flow sheets by 
excluding the cladding constituents from the fuel constituents. Segregation of 
cladding may also result in generation of less high level waste. In addition to 
decladding, voloxidation may be used to decrease the particle size of the fuel, which 
will in turn increase the kinetics of downstream treatment operations. Voloxidation 
treatment may remove problematic constituents from the fuel prior to downstream 
treatment operations. Fission products such as 137Cs, 85Kr, 133Xe, 99Tc, 14C, and 3H 
(tritium) may be volatilized and removed, simplifying the process flow sheets and 
yielding more flexible waste treatment operations. Furthermore, the trapping media 
of various nuclides should be easy to be disposed of. Therefore, these gaseous fission 
products have to be trapped safety and kept from leaky to the environment. Cs is a 
major source of radiation and heat. Up-front removal reduces the need for shielding. 
Long lived fission products are 99Tc, 14C, and 129I. 
 
KAERI is pursuing the development of a similar technology, known as the Oxidation 
and REduction of Oxide fuel or OREOX process. This process is being researched in 
association with development of the DUPIC process for recycle of spent PWR fuel to 
CANDU reactors. The oxidation process is similar to the voloxidation process. 
KAERI has measured and analyzed the release rates of 85Kr, Cs, Xe, etc. Also, 
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various concepts for trapping these fission products have been developed and applied 
to the off-gas treatment systems of the OREOX and the sintering processes in the 
DFDF (DUPIC Fuel Development Facility). 
 

It is, therefore, proposed that the two parties conduct joint experiments in the U.S. 
DOE laboratory with actual LWR spent fuel for the purpose of recovery and trapping 
of gaseous fission products (Cs, Ru, Tc, 14C, I, Kr, Xe, 3H, etc). In order to complete 
this work, literature should be reviewed, and the appropriate unit operations for each 
fission product should be selected. Based on literature reviews and KAERI’s 
experimental results on the gaseous fission products trapping, appropriate trapping 
method for each fission product has been selected in terms of reliability, simplicity, 
decontamination factor, availability, disposal, and so on. The most promising 
trapping method for each fission product has been proposed. 
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2. CESIUM TRAPPING TECHNOLOGY 
 

Cesium, semi-volatile fission gas, is a major concern because of its high content, 
long half life (137Cs: 30.2 years) and its intensive gamma radiation [3, 4]. Up-front 
removal reduces the need for shielding and limits the radiolytic degradation of the 
solvents and extractants to aqueous or pyrochemical treatment processes. Cesium 
exists in the form of solid chemical compounds such as Cs, CsI, Cs2UO3.56, Cs2UO4, 
and Cs2MoO4 depending on O/M ratio in spent fuel. It exists in the chemical forms 
of Cs, Cs2O, CsI and CsOH in air, steam and hydrogen conditions.  
 
Specially, the release fraction of semi-volatile fission products depends on the 
chemical species of corresponding fission products with a variation of gas 
atmosphere. For example, cesium monoxide (Cs2O) is one of the chemical forms of 
cesium that could be present in a spent fuel. Cesium monoxide vaporizes at 250 ℃ 
and tends to decompose into cesium metal and cesium peroxide (Cs2O2) at the 
temperature greater than 400 oC. On exposing to dry air, it rapidly forms a mixture of 
Cs2O2 and CsO2. Some of physical properties of cesium oxides are shown in Table 1 
[5]. However, it is confirmed that a major chemical form released from spent fuel in 
steam condition is cesium iodide (CsI). 
 
Table 1. Physical properties of cesium oxides 

Property Cs2O Cs2O2 CsO2 
 H△ f(kcal/mole), 25℃       -76.0       -96.2       -70.5 
 Melting point( )℃         490       590       432 
 Boiling point( )℃           -       650,-O2         - 
 Density(g/ml)         4.36        4.74        3.80 
 Lattice energy(kcal/mole)          -         -       156 
 Bond distance M-O          -   2.95 or 3.09 3 .00 or 3.21 
 
 There is general trapping method such as “wet trapping and filtration” to trap 
volatile cesium [6-8]. Volatilized cesium species condense into particulates in the 
down stream of the HEPA filter. Physical condensation using condenser, scrubber 
and quench scrubber is well known technology to capture semi-volatile species. 
When cooled, cesium species rapidly desublimate and form very small aerosols. The 
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submicron fraction of these aerosols is generally enriched semi-volatiles so that, at 
the inlet of the HEPA filters, they are also the most difficult to trap. The 
decontamination factors that are obtained with a condenser show high variation. This 
method is also needed to treat the condensate contaminated with radioactive cesium  
into a stable form of cesium compound in order to dispose safely. The promising 
developing technology is chemical fixation method using aluminosilicates materials 
such as, metakaolin (Al2O3 ⋅ 2SiO2), bentonite (Al2O3 ⋅4SiO2 ⋅ 6H2O) and 
pyrophyllite (Al2O3 ⋅ 4SiO2 ⋅ H2O). Cesium oxide is readily incorporated into 
aluminosilicates compounds, and the resulting materials are stable towards heating. 
Aluminosilicates have been studied from various aspects of preparation, leachability 
and thermal stability as a trapping material for cesium. Among well-known cesium 
aluminosilicates such as cesium nepheline (CsAlSiO4), pollucite (CsAlSi2O6) and 
CsAlSi5O12, pollucite has been proposed as a preferable phase for fixing cesium 
because of its low leach rate and good thermal stability [9-15]. 
 
According to Mukerji and Kayal, TG, DTA and XRD analysis techniques showed that 
clay materials such as metakaolin (Al2O3 ⋅ 2SiO2), bentonite (Al2O3 ⋅ 4SiO2 ⋅ 6H2O) 
and pyrophyllite (Al2O3 ⋅ 4SiO2 ⋅ H2O) could be used materials for trapping gaseous 
cesium [10]. Reactions that immobilize cesium from the vapor phase can be 
represented by equations (1) to (3). 
 

Cs2O  +  “Al2O3·2SiO2” = 2CsAlSiO4 (s)  (Eq. 1) 
Cs2O  +  “Al2O3·4SiO2” = 2CsAlSi2O6 (s)   (Eq. 2) 
Cs2O  +  “Al2O3·10SiO2” = 2CsAlSi5O12 (s)  (Eq. 3) 

 
The disadvantage of these clay materials, which are dehydrated, but not fully fired, is 
that they would be mechanically weak and could not be formed into a freestanding 
filter (although they might function satisfactorily in a powder bed or an inert support).  
The comparison of trapping methods for cesium provides basic information to select 
candidate unit process for cesium trapping, as shown in Table 2. 
However, the Si/Al mole ratio of coal fly ash corresponding approximately to that of 
pollucite (CsAlSi2O6) indicates the feasibility of this fly ash in trapping gaseous 
cesium generated from the DUPIC (Direct Use of spent PWR fuel in CANDU) fuel 
fabrication process [16, 17]. KAERI therefore chose to investigate the possibility of 
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fly ash to manufacture self-supporting ceramic-foam filter. Figure 1 shows the 
photographs of fly ash ceramic filter. 
 
KAERI has performed tests to evaluate the use of fly ash to trap gaseous cesium. In 
order to investigate its potential application as a filter for trapping the gaseous 
cesium released from DUPIC process, fly ash ceramic filter was exposed to gaseous 
cesium volatilized from Cs2SiO3, CsI, and CsOH at high temperatures in air and 
hydrogen atmospheres, respectively. It is suggested that the reaction of Cs2O with 
aluminosolicate (Al2O3·4SiO2) under air condition can be used for Cs fixation as 
given in equations (4) to (6) 

 
Cs2SiO3 (amorphous) + O2 (g) = Cs2O (g) + SiO2 (amorphous) + O2 (g)  
Cs2O (g) + Al2O2·4SiO2 (s) = 2CsAlSi2O2 (s)  (Eq. 4) 
 
2CsI + 1/2 O2 (g) = Cs2O (g) + I2 (g)   

Cs2O (g) + Al2O3·4SiO2 (s) = 2CsAlSi2O6 (s)  (Eq. 5) 
 

2CsOH + O2 (g) = Cs2O (g) + H2O (g) + O2 (g)  
Cs2O (g) + Al2O2·4SiO2 (s) = 2CsAlSi2O2 (s)  (Eq. 6) 

 
Cs2SiO3, CsI, and CsOH, when the fly ash ceramic filters were used, indicated that 
pollucite (CsAlSi2O6) and cesium nepheline (CsAlSiO4) were formed in air and 
hydrogen atmospheres. The minimum reaction temperature of coal fly ash ceramic 
filter with gaseous cesium was 600 ℃ between air and hydrogen atmospheres 
regardless of types of cesium compounds. The effects of carrier gas, superficial gas 
velocity and reaction temperature on cesium trapping quantity were investigated to 
analyze the cesium trapping characteristics by the fly ash ceramic filter in lab-scale 
experimental apparatus. 
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Table 2. Comparison of trapping methods for cesium 

 

 
Figure 1. Photographs of fly ash ceramic filter. 
 

Chemical fixation 
 Wet trapping 

Clay materials Fly ash 

Description 
Condenser, scrubber,  

quench scrubber 

 Metakaolin, bentonite, 

 pyrophyllite 
 Fly ash 

Reaction Physical condensation Chemical adsorption   Chemical adsorption  

Advantages 

Low operation       

Temperature 

(50 - 80 ℃) 

 

Formation of CsAlSiO4,  

pollucite(CsAlSi2O6) and  

CsAlSi5O12  

 

- Formation of pollucite 

- Good thermal stability 

- Good manufacturability 

- Very cheap material cost 

Disadvantages Thermally unstable 

- High operation temperature  

( > 450 ℃) 

- Difficult to form 

- Dispersion of powder 

- High pressure drop 

- High operation             

temperature ( > 450 ℃) 

 

 

 

D. F 2 - 65 100 1,000 

State of  
development 

Active pilot plants Lab-scale (Non-active test) Lab-scale (radioactive test)

I.DI.D : 44: 44mmmm
ThicknessThickness : 10: 10mm mm 
WeightWeight : : 7g7g
Specific Surface AreaSpecific Surface Area : 9.31: 9.31mm22/g/g
PorosityPorosity: 27%: 27%

(X20)

(X1000)(X100)
I.DI.D : 44: 44mmmm
ThicknessThickness : 10: 10mm mm 
WeightWeight : : 7g7g
Specific Surface AreaSpecific Surface Area : 9.31: 9.31mm22/g/g
PorosityPorosity: 27%: 27%

I.DI.D : 44: 44mmmm
ThicknessThickness : 10: 10mm mm 
WeightWeight : : 7g7g
Specific Surface AreaSpecific Surface Area : 9.31: 9.31mm22/g/g
PorosityPorosity: 27%: 27%

(X20)(X20)

(X1000)(X1000)(X100)(X100)
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According to the XRD analysis of the cesium compound trapped on the fly ash filter, 
the thermally stable pollucite (CsAlSi2O6) phase was formed. The SEM analysis on 
the pore structure of the fly ash filter showed that pores up to 0.1 mm in diameter 
were widely interconnected with each other throughout the whole structure of filter. 
Also, SEM analysis showed that the fly ash filter after trapping gaseous cesium has 
mullite phase of needle-like crystals and pollucite (CsAlSi2O6) phase of bulky 
crystals with rough surface.  
 
From the SEM-EDX analysis, the experimental results of composition of Cs2O 
trapped on a fly ash filter were fit to those calculated by the composition of pure 
polucite (CsAlSi2O6), and it was confirmed that cesium is uniformly distributed 
inside of the pores of fly ash filter.  
 
As the trapping temperature increased, the trapping quantity of gaseous cesium on 
the fly ash filter increased. This phenomenon will be due to the increase of the 
reaction rate, as trapping temperature increased. However, the cesium trapping 
quantity of the fly ash filter decreased with increasing superficial gas velocity. This 
might be that the contact time between the fly ash filter and gaseous cesium 
decreased with the increased superficial gas velocity. The trapping efficiency of 
volatile cesium on the fly ash filter was enhanced above 99.9% at the superficial gas 
velocity from 0.05 to 0.8 m/sec at the condition of cesium generation quantity of 0.6 
g-Cs2O/h, reaction time of 3 hours and filter depth of 0.05 m both in air and 
hydrogen atmospheres.  
 
To apply a fly ash for trapping of gaseous cesium, a fly ash filter was fabricated in a 
disk form. The performance test of a fly ash filter unit was done in the DUPIC off-
gas trapping system located inside of the M6 hot cell of the IMEF (Irradiation 
Materials Examination Facility) at KAERI. Figure 2 shows the photographs of 
cesium trapping unit located inside of the M6 hot-cell. The trapping efficiency of 
radioactive cesium was over 99.9% at trapping temperature of 650 °C and superficial 
gas velocity of 0.16 m/sec at batch size of 230 g (burn-up : 35,000 MWD/MTU, 
cooling time : 18 years ) as shown in Figure 3. 
  
Based on the literature reviews and KAERI’s results, a fly ash filter is proposed for 
the cesium trapping unit for the off-gas trapping system of the voloxidation process 
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of the LWR spent fuel. The performance of the fly ash filter is shown in Table 3. 
 
 

 
 

Figure 2. Photographs of cesium trapping unit located inside of the M6 hot-cell. 
 
 
 
 

   Figure 3. Count rate for fission products of gamma radio-nuclides as a  
function of distance from basket bottom.  
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Table 3. Performance of fly ash filter 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Raw material Fly ash 

Operating temp. range, ℃ 700 ~ 900 

Operating superficial gas velocity, m/sec 0.01 ~ 0.3 

Max. trapping capacity by weight, % 25 

Decontamination factor 10＞ 3 

Available atmosphere Air, H2, SOx, NOx, Cl2 

*Specific gas velocity: 0.3＜  m/sec Pressure drop,  
mm H2O *Filter unit: 40 mm(I.D)×120 mm(H)

≈ 25 

Specific surface area, m2/g 10 

Porosity, % 30 

Density, kg/m3 400 ~ 450 

Nuclides to be trapped Cs, Rb, Cd, Pb, Na, K etc

Trapping capacity(mg-Cs2O/g-filter) over 800℃ 250 
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3. RUTHENIUM TRAPPING TECHNOLOGY 
 

106Ru is a crucial source of radioactivity among the gaseous effluents from nuclear 
facilities. The off-gas trapping problems associated with the volatility of ruthenium 
are generated by the substantial quantities of heat and radiation produced by 106Rh 
decay, which in turn rapidly decays to 106Pd. A certain amount of ruthenium is known 
to be included in spent nuclear fuel as a fission product, generally exists in the form 
of metallic precipitates and is easily oxidized to RuO2 when heated under oxidative 
conditions. However, when RuO2 is exposed to high temperature and an oxidative 
condition during dissolution or separation processes of the wet reprocessing trapping, 
it is oxidized and volatilized to gaseous RuO4, whose boiling point is 25.4 ℃ [18-21]. 
 
Ruthenium is present in spent LWR fuel as RuO2, which is very stable in a reducing 
or inert atmosphere. Even in air at temperatures below 500 oC, it is stable. However, 
in air or under oxidizing conditions at elevated temperatures ( > 500 oC), the 
ruthenium dioxide oxidizes to the tetra oxide (RuO4), which is very volatile. Both the 
oxidation and vaporization rates increase considerably with increased temperature. 
The rate of vaporization at 1200 oC is about 4000 times faster than at 700 oC. 
Gaseous RuO4 decomposes back to the ruthenium dioxide as it cools to temperatures 
below 500 oC. Once RuO4 vapor is transported from the hot zone of processing 
equipment, it would be expected to transport primarily as fine particulates of RuO2 
associated with aerosol. 
 
Many studies on the fixation materials have been done to treat gaseous ruthenium 
oxides arising from the related nuclear facility. There are physical condensation 
method, adsorption method using metals such as Ni, Cu and SUS, and chemical 
method using the alkaline earth metal compounds such as Ca, Ba, and Sr. It is 
reported that chemical method has been most proposed because of the high thermal 
stability and the formation of a stable chemical compounds such as MRuO3 (M = Ba, 
Ca, and Sr) of perovskites formulation, MRu2O7 (M = Nd, Sm, Eu, Bi, and Lu) of 
pyrochlores formulation, and MRu4O8 (M = K and Rb) of hollandites formulation 
[22-24]. Expected reaction of metal ruthenates is shown in Table 4. 
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Table 4. Expected reaction of metal ruthenates 
Structure Marerial Expected reaction 

BaCO3 BaCO3 + RuO2 → BaRuO3 + CO2(g) 
CaCO3 CaCO3 + RuO2 → CaRuO3 + CO2(g) Perovskites (MRuO3) 
SrCO3 SrCO3 + RuO2 → SrRuO3 + CO2(g) 
Y2O3 Y2O3 + 2RuO2 → Y2Ru2O7 Pyrochleres (M2Ru2O7) Nd2O3 Nd2O3 + 2RuO2 → Nd2Ru2O7 
K2O K2O + 8RuO2 → 2KRu4O8 + 1/2O2(g) 

Hollandite (MRu4O8) Rb2O Rb2O + 8RuO2 → 2RbRu4O8 + 1/2O2(g) 
Na2O2 Na2O2 + 4RuO2 → 2NaRu2O4 + O2(g) 

  
Li2O Li2O2 + RuO2 → Li2RuO3 

 
Wet trapping techniques for volatile ruthenium oxide are condensers, scrubbers and 
quenching scrubbers. The decontamination factors that are obtained with wet 
trapping techniques have a high variation. This method is also needed to treat the 
condensate contaminated with radioactive ruthenium into a stable form of ruthenium 
compound for a safe disposal. 
 
The promising technology is chemical fixation method using alkaline earth metal 
carbonates (CaCO3, BaCO3, and SrCO3) and alkaline earth metal oxides (CaO, BaO 

and, SrO). For the each alkaline earth metal carbonates such as CaCO3, BaCO3 and 
Sr, the minimum reaction temperatures at which the desired reactions were found 
occur at reasonable rates of 495, 425, and 515 , respectively. ℃ Trapping experiments 
on the beds of the alkaline earth metal carbonates (Ca, Ba, and Sr) showed that 
BaCO3 was the best candidate. Its stoichiometric trapping capacity was 510 mg/g. 
But no data on the observed trapping capacity were reported. Alkaline earth metal 
compounds such as BaCO3 and SrCO3 have an injurious effect on human health. 
Chemical method using the alkaline earth metal compounds can also lead to the 
partial blockage of flow channels due to the fly-off of fine powder. 
 
KAERI has studied the trapping of gaseous ruthenium by using Fe2O3, Y2O3, Li2O3,  
and TiO2. The results showed that Y2O3 is formed into a pyrochlore structure of 
Y2Ru2O7 by its reaction with ruthenium oxide, which is thermally stable up to 
1400  ℃ and has a large theoretical capacity of trapping per unit mass (0.89 g/g). The 
comparison of stoichiometric capacities of trapping materials is shown in Table 5. 
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Recently, KAERI analyzed the behaviors of the ruthenium trapped on an yttria filter 
under the reductive and oxidative conditions using a TGA (Thermo-Gravimetric 
Analyzer), an XRD (X-ray Diffractometry Analyzer, Simens D-5000), and an XPS 
(X-ray Photoelectron Spectroscopy Analyzer). The results showed that the ruthenium 
trapped on an yttria filter under an oxidation atmosphere was in the form of Y2Ru2O7, 
and that it was transformed into Ru metal under a reduction atmosphere. Under a re-
oxidation atmosphere, the ruthenium trapped on an yttria filter was again Y2Ru2O7. 
When the ruthenium trapped on an yttria filter was exposed to a reduction 
atmosphere, a weight loss of 2.5% was noticed at about 350 - 700 oC. When it was 
exposed to a re-oxidation atmosphere, the ruthenium trapped on an yttria filter was a 
weight gain of 2.5% at about 350 - 800 oC.  
 
In order to efficiently trap the ruthenium oxides volatilized from the DUPIC fuel 
fabrication process, experiments were performed to evaluate the trapping 
characteristics varying conditions of different trapping temperatures, superficial air 
velocities, and yttria filter depth in a two-zone furnace. The trapping efficiency of an 
yttria filter was investigated as a function of the temperature, superficial gas velocity 
and filter depth. It was found that the ruthenium trapping efficiency with the filter is 
dependent on the trapping temperature and the superficial velocity. The higher the 
trapping temperature is, the more the ruthenium trapping efficiency increases. 
However, the lower the superficial velocity is, the less the ruthenium trapping 
efficiency decreases. The behavior of the ruthenium trapped within the yttria filter 
was also studied using XRD and XRF techniques. The ruthenium compound formed 
on the yttria filter at temperatures above 900 ℃ under air condition was determined 

Table 5. Comparison of stoichiometric capacities of trapping materials  

Material Reaction product 
Trapping capacity 
(g-Ru/g-material) 

CaO CaRuO3 1.82 
CaCO3 CaRuO3 1.01 
SrCO3 SrRuO3 0.68 
BaCO3 BaRuO3 0.51 
Li2O Li2RuO3 4.41 
Y2O3 Y2Ru2O7 0.89 
Nd2O3  Nd2Ru2O7 0.20 
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to be Y2Ru2O7 with a pyrochlores structure [25]. 
 
Based on the literature reviews and KAERI’s experimental results, the yttria filter is 
proposed for the ruthenium trapping unit for the off-gas trapping system of the 
voloxidation process of the LWR spent fuel. The performance of the yttria filter is 
shown in Table 6. The performance test of the yttria filter or calcium/barium-based 
filter will be carried out in the DUPIC off-gas trapping system for tubular alumina 
reactor located inside of the M6 hot cell of the IMEF (Irradiation Materials 
Examination Facility) at KAERI. 
 

 

Table 6. The performance of yttria filter 

Adsorbent 
Operation 

temp. 
(°C) 

Trapping 
capacity

(mg-Cs2O/
g-filter)

Superficial 
gas 

velocity
(m/sec)

Carrier
gas 

D.F
Interfering 

gas 
Plant 
scale 

Yttria 
filter 

900 250 < 1 Air 100 No Lab scale
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Table 7. Comparison of trapping methods for ruthenium 
Adsorbents Advantages Disadvantages Remarks 

Silica gel  effective sorbent at 
low temperature 
(about 80 ): removal ℃

efficiency of about 
99.8% 
 regeneration available 

 temperature limit: 
under 100℃ 
 over 100 : ℃

decrease of DF 
values (loss of 
thermal stability) 

 generally silica 
gel includes 
impurities (Fe, 
Co, Ni, Cr etc) 

Metal oxide 
(Fe2O3, TiO2, 
MnO2 etc) 

 200~550 : 99.5%℃  
 good trapping capacity 
and good resistance 
 against impurities 
 good trapping stability

 over 600 : ℃

ruthenium 
desorption 
 Fe2O3 powder 
difficulty in 
fabrication 
process 

 

Yttria(Y2O3)  below 1400 : good ℃

thermal stability 
 higher operation 
temp.(900℃) 

 Y2Ru2O7 
formation 
(pyrochlore) 

Complex 
metal [oxide 
alkaline earth  
metal(BaCO3) 
+ metal 
oxide] 
 

 high efficiency: 
- BaCO3-Fe2O3; 
at 450~750℃, 95~96%

- BaCO3-TiO2;at 650℃, 
95% 

- BaCO3-MnO2; 
at 550~750℃, 94% 
 high efficiency for a 
long time: for 60hrs. 
in [BaCO3-Fe2O3] 

 not available 
solidification 
over 1200 (loss ℃

of thermal 
stability and 
generation of 
CO2) 

 need to develop 
adsorbent 
including higher 
thermal stability, 
stability of filter 
trapped and high 
efficiency for a 
long time over 
1200℃ 



20 

4. TECHNETIUM TRAPPING TECHNOLOGY 

 
Technetium is a fission product forming a metallic precipitate. The radioactive 
technetium that is produced as uranium fission product is subjected to be oxidized, 
resulting in Tc2O7 [26]. Technetium is formed at a rate of 740 g/tU for a burn-up of 
28,700MWd/tU. It represents a very low fraction of the initial activity of the liquid 
about 10-3%, but constitutes a long-term radiation hazard because of its long half-life 
(2.13x105yr). In high temperature processes, it is possible to volatilize Tc oxides. The 
most stable oxide, Tc2O7, has a melting point of 119.5 ℃ and a boiling point of 
311 ℃. Technetium dioxide sublimates at temperature above 900 ℃ and decomposes 
into Tc and Tc2O7 at temperatures above 1100 ℃.  
 
Technetium volatilization from a simulated feed solution and glass frit mixture was 
measured at KFA julich as a function of temperature. Their results indicate that 
volatilization begins at about 525 – 525 ℃ and becomes significant at about 600 -
700 ℃. At these higher temperatures, about 10% is volatilized.   
 
Wet trapping techniques for volatile technetium oxide are condensers, scrubbers and 
quenching scrubbers. The decontamination factors that are obtained with wet 
trapping techniques have a high variation. This method is also needed to treat the 
condensate contaminated with radioactive technetium into a stable form of cesium 
compound for a safe disposal. The chemical fixation method using alkaline earth 
metal carbonates (CaCO3, BaCO3, and SrCO3) and alkaline earth metal oxides (CaO, 
BaO, and SrO) was also reported. However, no data was found on the trapping of 
volatile technetium oxide. The comparison of trapping methods for technetium is 
shown in Table 8. 
 
Study on an effective adsorbent for trapping a volatile technetium has been studied at 
KAERI. The various experiments on the filter preparation method using yttria and 
calcium oxide were performed at the temperature of 1250 – 1400 ℃. The results 
showed that the calcium based-filter was well manufactured. Trapping experiments 
was also performed to evaluate the trapping characteristics of volatile technetium 
using Re metal as a surrogate of technetium. According to the XRD analysis of the 
rhenium compound trapped on the calcium based-filter, the Ca5Re2O12 phase was  



21 

 

 

formed. Figure 4 shows the photograph of calcium based filter after trapping gaseous 
rhenium. 
The performance tests of the calcium-based filter or yttria filter will be carried out in 
the DUPIC off-gas trapping system which is installed on the tubular alumina reactor 
located inside of the M6 hot cell of the IMEF at KAERI. 
 
It is proposed that, through the literature reviews, the calcium-based filter or yttria 
filter is applicable for the ruthenium trapping unit for the off- gas trapping system of 
the voloxidation process of the LWR spent fuel. 

 

Table 8. Comparison of trapping methods for technetium 
 Condensation Adsorption on solids 
Description By changing of liquid 

form from gas vapor 
By chemical reaction between 
gas and solid adsorbent (Y, Ca, Ba, 
and Sr) at over 600 ℃ 

Advantages Simple design and 
operation 

Formation of stable chemical 
compounds and good thermal  
stability 

Disadvantages Bad thermal stability Discontinuous operation 
Development 
Status 

Active pilot plants Lab. scale 

Remarks - Pamela, Belgium 
- KfA, Germany 

- ERERC, US 
- Most promising:  

under development at KAERI 
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Figure 4. Photograph of calcium based filter after trapping gaseous rhenium. 
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5. 14C TRAPPING TECHNOLOGY 
 
14C in the nuclear fuel cycle is produced by neutron interactions with 14N, 15N, 16O, 
17O and 13C which may be present in the fuel, cladding and the primary cooling 
system of a nuclear reactor. In reactor systems, 14C is present as a mixture of CO2, 
CO and hydrocarbons with relative fractions dependent on the chemistry prevalent in 
the specific system. Appreciable fraction of the 14C produced within a nuclear reactor 
will be released as CO2 in gaseous effluents during normal reactor operations, 
extensive fuel element failure, spent fuel storage, and reprocessing of spent fuel. A 
large portion of the 14C in gas exists as hydrocarbons, mainly methane, whereas 
nearly all of the 14C in the moderator cover gas exists as CO2. No regulatory 
requirements have been set for the control of 14C effluents. However, environmental 
impact studies performed in other countries and current trends indicate that controls 
may be formulated in the near future. 
 
For physical and chemical reasons, CO2 is the carbon compound that can most easily 
be separated from other gases. It is therefore prudent to oxidize other 14C compounds 
into 14CO2 before its removal [27]. The treatment processes discussed below focus on 
the removal of CO2 from gas streams. The selection of a specific process for the 
capture and retention of CO2 from a gaseous stream depends on the volume of gas to 
be treated, the concentration of CO2 in the gas stream, the composition of the gas 
stream and the desired final waste form. Some of the criteria used in the selection of 
removal technology options include: 
(a) Cost considerations; 
(b) Simplicity of implementation; 
(c) Worker safety. 
 
Various methods for 12CO2/14CO2 removal from gas streams have been studied and 
have undergone different levels of development. Detailed reviews are made in Refs 
[28-30], which examine proven and potential 12CO2/14CO2removal processes in fuel 
reprocessing facilities, nuclear power plants and industrial chemical separation plants 
that handle CO2. Methods for the various technologies for 14CO2 have been proposed 
and undergone differing degrees of development. These control technologies may be 
categorized as (1) physical absorption and preconcentration prior to fixation 
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(fluorocarbon solvent process and KALC process), (2) physical adsorption on active 
surface and preconcentration prior to fixation (molecular sieve process), (3) chemical 
reaction with a caustic solution prior to fixation (double-alkali process), and (4) 
removal and fixation via a chemical reaction in a single step process (the alkaline 
earth hydroxide slurry and alkaline earth hydroxide solid process). 
 
Removal of CO2 by caustic scrubbing involves absorption accompanied by a 
chemical reaction. Experience indicates that the use of a 2M sodium hydroxide 
solution and maintenance of a CO2 to carbonate conversion of 15 – 25% will 
generally yield an optimum absorption of CO2 [31].  
 

Carbon-14 as CO2 is quite soluble in liquid refrigerant-12 (R-12), 
dichlorodifluoromethane. Krypton, xenon and CO2 are considerably more soluble 
than other volatile gases that may be in the gaseous effluent stream from a nuclear 
power reactor, and are favorably temperature sensitive relative to the others. 
Differences in relative solubility make gas separation possible. Since lower 
temperatures increase the extraction efficiency, systems are designed to operate at 
low temperatures (e.g. –17°C). Two such processes have been developed for spent 
fuel reprocessing plant off-gases: one at the ORNL and one at the 
Kernforschungszentrum Karlsruhe, Germany [32]. Both processes are intended for 
the retention of 85Kr. However, the solubility of CO2 in R-12 is greater than that of 
krypton, and the possibility therefore arises of removing 14C from the off-gas stream 
in the same plant as used for krypton removal. The process developed at Karlsruhe 
used only two columns, each consisting of absorbing, fractionating and stripping 
sections. Xenon and CO2 removal and enrichment are accomplished in the first 
column, and krypton removal and enrichment in the second column [28]. However, 
CO2 removal from a krypton–CO2 gas mixture may result in contamination of the 
CO2 fixation product by 85Kr and may therefore complicate waste disposal. 
 
The capture of CO2 by fixed bed adsorption using molecular sieves would require a 
pre-absorption step to dry the feed gas, removing essentially all the water. A widely 
used molecular sieve that effectively removes CO2 is sodium zeolite. The bed being 
loaded would have to be maintained between - 75 and - 78 °C to achieve good 
adsorption. Bed temperature is the most important parameter for loading 
considerations. The regeneration of a loaded bed is accomplished by heating it to a 
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temperature between 150 and 350 °C, then passing a purge gas through the bed at the 
elevated temperature to remove CO2. The purge gas would have to be passed through 
the double alkali process to convert the 14C to a stable waste form for storage and 
eventual disposal. The type 13X molecular sieve is one of several types that can be 
used to remove CO2. With proper bed regeneration, extremely high removal 
efficiencies with decontamination factors greater than 100 are possible [28].  
 
Mineo et al. [33] studied the performance of natural mordenite, hydrogenated 
mordenite and modified hydrogenated mordenite for the removal of 14CO2 from 
dissolver off-gases. They concluded that the modification of hydrogenated mordenite 
by NaOH resulted in a larger adsorption capacity compared with the other adsorbents. 
The capacity was found to decrease in the presence of 1% NOx. 
 
It has been suggested that the reaction of CO2 with magnesium at 600 °C 
could be used for 14C fixation [29]: 
 
14CO2 + 2Mg → 2MgO + 14C 
The solid carbon product is expected to be stable and suitable for direct 
immobilization and disposal.  
 
A key factor in the selection of such technologies is the chemical stability of the final 
waste disposal product. For the trapping of high volumetric, dilute CO2 bearing gas 
streams at high humidity, the direct fixation of CO2 via a gas-solid reaction utilizing 
either Ca(OH)2 or Ba(OH)2  hydrate reactant provides a simple, economical method 
of trapping. For gas streams that may be significantly richer in CO2, more 
complicated processes such as the double alkali and Ca(OH)2 or Ba(OH)2 slurry 
processes offer unique advantages. 
 
A bench-scale study was initiated at Ontario Hydro to study the more promising 
methods for 14C. Although absorption using lime slurry [28] seems to have been well 
studied for nuclear applications, the process has some drawbacks in terms of 
complexities due to handling liquid and slurry systems. Recently, alternative process 
for 14C fixation, based on gas-phase reaction with solid hydrated lime and Ba(OH)2 
hydrate, have been put forward by the Oak Ridge National Laboratory (ORNL) [34].  
A simple bench-top experiment, consisting of a tubular quartz reactor (2.5 cm 
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diameter, 90 cm length) packed with the sorbent (Ca(OH)2 or Ba(OH)2) was set up 
[35].  
 
The reaction of CO2 with Ca(OH)2 was studied over the temperature range of 400 to 
475°C. Development studies at ORNL [34] indicated that Ba(OH)2·8H2O prepared 
by the hydration of Ba(OH)2·H2O or Ba(OH)2·5H2O was more reactive than 
commercially available octahydrate. Ba(OH)2 appears to be the more efficient 
sorbent, with the particular advantage that CO2 removal can be achieved at room 
temperature, whereas Ca(OH)2 is effective only at temperature of 400 to 450 °C. 
However, the operating cost of the process using Ba(OH)2 would be expected to be 
higher due to the higher cost of Ba(OH)2 and the lower uptake of CO2.  
 
The final waste disposal form is a key factor in the selection of technologies for the 
removal and final fixation of 14C. Ideally, the desired waste disposal technique 
should isolate the radionuclide from the biosphere for 10 half-lives or in the case of 
14C be stored in a chemically fixed form. Aqueous solutions or slurries of the Group I 
and Group II hydroxides are generally reactive towards CO2 and form a carbonate 
product. An examination of the carbonate products of potential Group I hydroxide 
reactants (Table 9) indicates excessive solubilities for long-term waste disposal. 
However, the higher molecular weight carbonates of the group II elements are 
considerably more stable. As shown in Table 8, carbonates of calcium, strontium, and 
barium are excellent candidates for long term 14C waste disposal, since they possess 
excellent solubility characteristics (0.000075 – 0.00013 g-mol/L at 25 ℃). They also 
decompose at relative high temperatures (825 – 1450 ). Based on the process ℃

simplicity, reliability, safety, cost, state-of-the-art, material handling and 
decontamination factor, process evaluation for 14C technologies was analysed as 
shown in Table 10. Ba(OH)2·8H2O process was proposed as a best technology for 
trapping of 14C. However, this process will be restricted to the use because of some 
problems such as higher relative humidity, pressure drop, and dispersion of powder. 
 
For the development of an effective adsorbent for the removal of 14C at KAERI, the 
various experiments on the preparation method of filter using calcium oxide, calcium 
hydroxide, barium hydroxide and some bentonites were performed at temperatures of 
150 to 1300 .℃  The results showed that the calcium based-filter was well 
manufactured. The performance test of the calcium-based filter will also be carried 



27 

out in the DUPIC off-gas trapping system of the tubular alumina reactor located 
inside the M6 hot cell of the IMEF at KAERI.  
 
Based on the literature reviews, the calcium/barium -based filter is proposed for the 
14C trapping unit of the off-gas trapping system for the voloxidation process of the 
LWR spent fuel. 

 

 

Table 9. Solubility and decomposition properties of group I and group II carbonates 
at low partial pressures 
 Solubility at 25℃ Solubility at 

100℃ 
Decomposition temp. 

(℃) 
Group I 
carbonates 

   

Li2CO3 0.18 0.10 1310 
Na2CO3 2.80 4.26 - 
K2CO3 8.10 4.41 - 
RB2CO3 19.48 - 740 
Cs2CO3 8.00 - 610 
Group II 
carbonates 

   

MgCO3 0.00126 - 350 
CaCO3 0.00013 0.000375 825 
SrCO3 0.000075 0.00044 1340 
BaCO3 0.000124 0.000332 1450 
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Table 10. Process evaluation for 14C technologies 
Technologies Respective score 

Liquid scrubbing 
(double-alkali and alkaline earth slurry processes) 

60 

Solid bed scrubbing  
(Ba(OH)2·8H2O process) 

71.8 

Physical concentration in a liquid solvent system  
(fluorocarbon absorption process) 

64.1 

Physical concentration in a granular-solid bed 
 (molecular-sieve process) 

63.7 



29 

6. IODINE TRAPPING TECHNOLOGY 
 
Based on the previous thermodynamic database and experimental evidences with 
respect to chemical state of radioiodine (129I) released from spent fuel, it is definitely 
considered that CsI compound in moderate high burn-up spent fuel will be evolved 
under high oxygen potential condition in dry voloxidation process. After removing 
the Cs element with a reaction of fly-ash filter to form stable aluminosilicate 
(pollucite) compound, a separating iodine element is flowing into a subsequent off-
gas trapping unit which is expected to effectively trap using appropriate adsorbent, 
excluding liquid scrubbing processes because of its complexity and high waste 
generation in hot-cell operation. The criteria for selecting a suitable adsorbent to 
effectively trap iodine generated from voloxidation process include the performance 
comparison and process characteristics. 
 
A variety of solid adsorbents have been examined and developed over past two 
decades. Of the solid adsorbents for iodine removal, a promising approach is to use 
inorganic adsorbent in which a stable iodine compound is formed. Silver form 
adsorbents were selected as the most promising materials tested at high temperature 
conditions such as voloxidation process. Demonstration tests of silver-form solid 
adsorbents for iodine control have been focused on obtaining the performance data in 
wide ranges of operating conditions in ORNL of USA and Germany [36-38].  
 
Test parameters include a loading capacity of iodine as well as regeneration of 
adsorbents under high temperature conditions added with toxic gases such as NOx. 
Comparison of performance of solid adsorbents provides basic information to select 
candidate unit process for iodine removal, as shown in Table 11. Most silver-form 
solid adsorbent in a range of 15 to 20 wt% silver amount was applied to commercial 
scale process for iodine control. In KAERI, an effective fabrication method using a 
silver ion-exchanged zeolite (AgX) adsorbent has been developed to trap radio-
iodine gas generated from high-temperature processes, such as the DUPIC process.  
 
KAERI also has practical experience of performance tests of AgX using both non-
radioactive and radioactive methyl iodide tracers. It was confirmed that silver was 
uniformly distributed inside the pores of the adsorbent. Demonstration tests of the  



30 

 

 
AgX-10 with about 10 wt% of silver amount adsorbent using a radioactive methyl 
iodide tracer showed that removal efficiency of radio-iodine at 150 oC was over 
99.9%. 
 
It is usually practical that test experience of the developed adsorbent provides a 
useful application to individual country, especially use of AgX and AgoZ in USA and 
AC-6120 in Germany. Table 12 shows a limited comparison of unit process 
characteristics for trapping iodine species using AgX and AgoZ, AC-6120. The 
fabrication method of AgX and AgZ were established by silver ion-exchange 
technique with using support matrix of 13X (a faujasite) and modernite, respectively. 
AgoZ represents that silver oxide on AgZ is reduced to metal form by applying 
hydrogen atmosphere at high temperature to increase NOx gas resistance. 
Impregnation technique of AgNO3 solution on silica-gel was applied to fabricate AC-
6120 solid adsorbent. 
 
The atmosphere conditions of voloxidation process would be restricted to the use of 
air or a mixture of air with steam. When considering a loading capacity of iodine 
under the absence of NOx gas and adsorbent fabrication cost, AgX and AC-6120 
adsorbents will be proposed for application to iodine control in voloxidation process. 

 

Table 11. Comparison of performance of solid sorbents for removing radio-iodine 

Adsorbent 
Optimal 

Temperature 
(oC) 

Chemisorption
capacity 
(mg-I2/g) 

Decontamination
factor 

NOx 
resistance 

Commercial 
application 

AgX 150 200 ~ 250 102 ~ 105 Weak Commercial 

AgZ 150 170 ~ 200 102 ~ 105 Strong Lab-scale 

AgoZ 150 170~ 200 102 ~ 105 Strong Commercial 

AC-6120 130 140 102 ~ 105 Strong Commercial 

AgAa 130 100~200 102 ~ 105 Strong Lab-scale 

CdX 150 5 ~ 10 - Weak Lab-scale 

PbX 150 5 - Weak Commercial 

13X <50 5 105 Weak Lab-scale 
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Table 12. Comparison of candidate solid adsorbents for removing radio-iodine 
Adsorbent 
Parameters 

AgX AgoZ AC-6120 

Relative 
humidity 

Slight effect up to 
70% R.H. 

Slight effect up to 
70% R.H. 

Slight effect up to 
70% R.H. 

NO gas Uncertain 
No influence up to 
2% NO conc. 

Uncertain 

NO2 gas 
Negative effect on 
DF 

No influence up to 
2% NO2 conc. 

Protection function 
of Ag oxidation 

CO2 gas Negligible Negligible Negligible 

Temperature 
Optimal 
temperature of 
150oC 

Optimal temperature 
of 150 ~ 200oC 

Optimal 
temperature of 
150oC 

Effecting 
impurity 

Dodecane, H2S Dodecane, H2S Negligible 

Column 
material 

Stainless steel Stainless steel Stainless steel 

Applicability to 
voloxidation 

Applicable 
- Advantage : high 
 Iodine loading  
capacity 

Suitable 
- Disadvantage :  
high adsorbent cost
 

Applicable 
- Advantage : low  
adsorbent cost 
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7. KRYPTON / XENON TRAPPING TECHNOLOGY 
 
Krypton and xenon formed during nuclear fission are radioactive. The two interesting 
isotopes are 133Xe (half-life of 5.3d) and 85Kr (half-life of 10.7 yr). Since Kr is one of 
the long-lived radioactive components in the off-gases of the nuclear fuel 
reprocessing plants, it has to be separated before off-gases are released to the 
atmosphere.  
 
Various processes have been proposed and investigated for the recovery of 85Kr from 
the off-gas. These include the cryogenic distillation process [39], the solvent 
absorption [40], the membrane separation process [41] and the adsorption process 
[42]. Cryogenic distillation has received the most attention because the required 
equipment is similar to that used in air separation. Krypton and xenon from a 
reprocessing plant off-gas stream have been demonstrated at the Idaho Chemical 
Reprocessing Plant. The cryogenic distillation is said to be promising, but related 
problems include the higher operating cost and the potential for fire hazard caused by 
ozone accumulation. The problem with membrane separation is the lower throughput.  
 
The adsorption process is a simple and reliable method, and its operating cost could 
be made relatively low [43]. Test operation process was carried out at several 
institutes. However, further development of this technique was suspended due to the 
explosive reaction between NOx and the activated charcoal [44]. 
 
The adsorption process is believed to be the most promising process for the removal 
of radioactive noble gases. Munakata et al. studied the adsorption of noble gases on 
activated charcoal adsorbent [45]. Moreover, a screening test of adsorbents for Kr 
was conducted [46]. Recently, two more adsorbents were added in the screening test. 
The results revealed that a Ag-mordenite adsorbent has a large adsorption capacity 
for Kr and Xe [47]. The comparison of characteristics of krypton recovery process is 
shown in Table 13. 

 
There have been studies of methods to trap noble gases. In the main, absorption 
methods using zeolites or charcoals have been examined. Though the noble gases 
will be adsorbed on these materials, it has proved challenging to engineer systems 
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that will operate well under the range of conditions expected to arise in severe 
accidents.  A method of separate radioactive krypton and xenon from off-gases is by 
first selective adsorption and then encapsulation. This method includes providing the 
feed gas mixtures at some removed gases. Because some gases make a lot of 
problems in selective adsorption, zeolite molecular sieves selectively adsorb krypton 
and xenon, but not as strongly as moisture and CO2, so that a minor part of the 
former is coadsorbed in prepurification. The Methane accumulation in preferential 
trapping tends to interfere with the effective separation of nitrogen from the Kr-Xe. 
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Table 13. Comparison of trapping technology for krypton 

 
Cryogenic 
Distillation 

Solvent 
Absorption 

Adsorption 
on Solids 

Auxiliary 
material for  
separation 

Liquefied dissolved  
off-gas component, N2, 
Ar or O2 

Auxiliary solvent  
CF2Cl2 or CO2 
 

Auxiliary solids  
charcoal, molecular 
sieves 

Separation 
operation 

Rectification Absorption-stripping
Adsorption-
desorption 

Operating 
mode 

Continuous Continuous Discontinuous 

Operating 
temperature 

Very low Low-very low Low 

Operating 
pressure 

> 1 bar 

≤ 1 bar possible 
≥ 1 bar usual for      
large dissolved       
volumes 

≤ 1 bar possible,  
especially at low  
temp 
 

Kr-85 
inventory, 
typical 
residence time 

Very high,  
105 Ci, 40h 

Very low,  
103 Ci, 0.4h(KfK) 

Low, 
104 Ci, 4h 

Xe/Kr 
separation 

Possible Possible Possible 

Kr product  
purity 

High Sufficient-high Sufficient-high 

Interfering 
impurities 

H2O, HNO3, NOx,  
N2O, CO2, O3 

H2O, HNO3, NOx 
 

H2O, HNO3, NOx,  
O3 
 

O2 removal Combustion using H2 Not necessary Not necessary 
State of  
development 

Active pilot plants Inactive pilot plants Lab. scale facilities 
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After removing some disturbance gas, krypton and xenon gases are adsorbed in 
zeolite adsorption beds. At least two adsorption beds are needed. Each bed is filled 
with different types of zeolite. One selectively adsorbs krypton and the other 
selectively adsorbs xenon. And each bed keeps different temperature to strongly 
adsorb each radioactive substance with liquid nitrogen. Changing the temperature of 
each bed, each bed is recycled by the adsorption and desorption process. Desorpted 
krypton and xenon gases are stored into each tank. For the encapsulation of 85Kr 
several metals can be used, and the gas bubbles can be considered as being 
permanently fixed in the metal matrix. This method has the potential for the long 
term storage of 85Kr in a stable form. Encapsulation of 85Kr in zeolites or molecular 
sieves is also feasible. The Kr gas at a high pressure can enter a cage at high 
temperature and on cooling, the cage can trap 85Kr. It is proposed that this zeolite is 
contained inside a gas cylinder to contain any minor leakage from the cage.  
 
For treating Kr released during the OREOX process of the DUPIC fuel fabrication, 
KAERI has selected the adsorption method on solids. The preliminary experimental 
results showed that zeolite treated with 2N hydrochloric acid solution is superior to 
the zeolite untreated with HCl solution. When the zeolite was treated with 2N 
hydrochloric acid, the surface area decreased. As the micropores and pore volume 
increased, the adsorption amount of Kr gas also increased. The trapping experiments 
are now being performed in terms of the trapping parameters of temperature, flow 
rate and carrier gas. 
 
Based on the literature reviews and KAERI results, zeolite treated with acid will be 
proposed for the Kr trapping unit of the off-gas trapping system for the voloxidation 
process of the LWR spent fuel. 
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8. 3H TRAPPING TECHNOLOGY 
 
Tritium is continuously generated by natural processes and occurs naturally in the 
earth’s surface. Spontaneous fission of uranium and thorium contributes trivial 
quantities of tritium. Tritium is formed within nuclear reactor fuels, both light water 
reactors and liquid metal breeder reactors by ternary fission and may also be formed 
by neutron bombardment of light elements such as boron or lithium. Tritium decays 
with a half-life of 12.33 years by emission of a low energy electron (maximum 
energy of 18 keV and average energy 5.88 keV) to form helium. External doses to 
man are inconsequential because of low electron energy. Tritium content of spent 
fuel increases with increasing burn-up in LWR fuel. 50% of the tritium present in the 
fuel remains with zircaloy cladding and residual 50% is oxidized and dissolved in 
dissolver solution in water form (HTO). Tritium should be removed from spent fuel 
before it is dissolved to simplify the dissolution operation and reduce the volume of 
HLLW in reprocessing plant Tritium can be separated from spent fuel prior to the 
dissolution step in reprocessing plants. The released tritium can then be removed 
from the evolved gas by means of tritium removal methods. Two technologies have 
been developed for the separation of tritium as a gas: voloxidation and pyrochemical 
processing. 
 
Voloxidation process was developed as a means of separating tritium from irradiated 
reactor fuel prior to issolving the fuel in nitric acid for reprocessing operations. The 
voloxidation process depends on the oxidation of UO2 to U3O8 in order to break 
down the crystal lattice and release gases from it. Tritium release efficiencies of 
greater than 90% are expected from the fuel with this method, which exposes the fuel 
to 450 – 500 °C for several hours in a rotary kiln. 
 
The evolved gas is passed through a catalytic converter to ensure that all the tritium 
has been converted to HTO, and then it is removed as water in solid absorbents. A 
large portion of the tritium left in LWR fuel elements is bonded in the zircaloy 
cladding and will remain with the cladding during fuel dissolution. This process may 
not work for ThO2 fuels, since there is no higher oxide of thorium. Metal fuels may 
also be difficult to treat in this manner because heat generation rates may be difficult 
to control during oxidation [48]. 
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Pyrochemical processing involves the application of high temperatures. This 
approach is considered to be a head end treatment in the reprocessing plant and 
involves two steps: 
(a) Chopping and/or cladding removal; 
(b) Treatment of the oxide fuel to effect the release of volatile fission 
products, including tritium. 
 
Fission product tritium and noble gases are both released during the decladding and 
reduction steps and are handled as in the voloxidation process. 
 
In the off-gases from nuclear facilities, tritium can be present as HT or HTO. 
Removal methods for HT and HTO are briefly discussed below. There are non-
oxidative processes for the removal of HT that employ hydrogen getters. These 
getters typically consist of zirconium alloys and compounds. However, the selection 
of the appropriate getter depends greatly on the other constituents of the gas. The fact 
that most getters will not tolerate oxygen in the feed stream greatly limits the 
usefulness of getters for most effluent streams. 
 
The typical processes for trappingng tritium from gas streams involves conversion of 
HT to HTO followed by the removal of the HTO. A number of methods exist for 
removing HTO vapor from gaseous streams, depending on the degree of removal 
required. A very high degree of HTO removal can be achieved through the use of 
molecular sieves. Lakner et al. [49] reported that up to 47 cm3 of HTO per gram of 
molecular sieve (at standard temperature and pressure) could be obtained. Absorption 
on molecular sieves is a reversible process and allows for the regeneration of the 
molecular sieve and the recovery of the tritium as water vapor by heating to 
moderate temperatures (e.g. 250 °C). In practice, recovery of this tritium is not 
usually determined to be cost effective. The molecular sieves containing the HTO are 
typically stored, disposed of as low level waste or the water is transferred to another 
medium for disposal. 
 
Packed bed or plate columns can be used to counter-currently contact the gas stream 
with a chilled water stream. The degree of water removal from the system is not 
great, but the performance may be improved by an exchange of water vapour 
between the gas and liquid phases. This technique would only be used if the intention 
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is to generate a dilute tritium stream for direct discharge. 
 
Worldwide trapping technique for 3H consists of two successive steps. The tritium in 
hydrogen gas form is converted to water vapor by copper oxides at CuO conversion 
tower and the tritiated water vapor from the CuO conversion tower is adsorbed by 
molecular sieves at HTO adsorption tower [50]. The design parameters of each tower 
are as follows.  
- For CuO conversion tower;  
 velocity: below 10 cm/sec, temperature: 300~500 , ℃ residence time: over 1sec  
- For HTO adsorption tower;  
velocity: below 5 cm/sec, temperature: ambient temp., residence time: over 1sec,  

 capacity: 200 mg/g-bed 
 

Trapping technique for 3H developed at KAERI is quite similar to the worldwide 
trapping techniques except that the tritium in hydrogen gas form is converted to 
water vapor by SDBC (Styrene Divinyl Benzene Copolymer) at conversion tower. 
Since the conversion of tritium into tritiated water by SDBC catalyst takes place at 
ambient temperature, this trapping technique is more convenient for the hot cell 
application.  
 
Literature review on tritium trapping technologies currently available was made. The 
most popular technology is first to convert tritium into tritiated water (HTO or T2O) 
by a CuO catalyst at 450  and second to absorb tritiated water wi℃ th a molecular 
sieve. Since the conversion of tritium into tritiated water by CuO needs high 
temperature, this technology is very difficult to be applied in the hot cell operation. 
Table 14 shows the comparison of 3H trapping technology between KAERI and 
JAERI. 
 
KAERI has developed an oxidative catalyst, SDBC which is effective under ambient 
temperature and pressure [51]. The schematic diagram of experimental apparatus for 
tritium trapping is shown in Fig. 5. The effect of tritium concentration, gas flow rate 
and bed height on tritium trapping efficiency will be evaluated by a cold experiment, 
thereby determining the design and operation parameters for tritium trapping tower 
to be operated in the hot cell.  
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Figure 5. Schematic diagram of experimental apparatus for trapping tritium. 
 

 

 

Table 14. Comparison of 3H trapping technology between KAERI and JAERI 
Conversion Tower Absorption Tower  

Conversion 

catalyst 

Operating 

Temp.(℃) 

Velocity

(cm/s)

Bed height

(cm) 

Absorbent

 

Capacity

(mg/g bed)

Velocity 

(cm/s)

Operating 

Temp.(℃) 

DF 

 

 

KAERI 

 

SDBC ambient < 10 10 
molecular 

sieve 5A
200 5 ambient 1000 

 

JAERI 

 

CuO 500 - 12 “ - - 25 1000 

Bubbler

O2 N2 Ar H2 

H2O conversion tower  H2O absorption tower 

Flow meters Moisture analyzer 

Gas supply system 

Moisture analyzer 
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9. CONCLUSIONS 

 

Study on the trapping technology for gaseous fission products generated from 

voloxidation process has been conducted to select an appropriate trapping method for 

each fission product in head-end treatment process. Various technologies for the 

trapping of gaseous wastes containing Cs, Ru, Tc, 14C, Kr, Xe, I and 3H from a 

voloxidation process were reviewed and assessed to apply them to the design of the  

INL off-gas treatment system. Based on literature reviews and KAERI’s 

experimental results on the trapping methods of gaseous fission products, appropriate 

trapping method for each fission product has been selected considering process 

reliability, simplicity, decontamination factor, availability and disposal. 

 

The most promising trapping method for each fission product has been proposed for 

applications. Fly ash filter is proposed as a trapping media for cesium trapping unit. 

Calcium filter is proposed as a trapping media for ruthenium, technetium, and 14C 

trapping unit. In case of I trapping unit, AgX is proposed. Adsorption on solid is 

proposed in case of Kr and Xe. SDBC (Styrene Divinyl Benzene Copolymer) is also 

proposed as a conversion media to HTO for 3H. This report will be used as a useful 

means for analyzing the known trapping technologies and help selecting the 

appropriate trapping methods for trapping volatile and semi-volatile fission products, 

long-lived fission products, and major heat sources generated from a voloxidation 

process. It can also be used to design an off-gas treatment system. 
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