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Abstract 

Extraction chromatography is one of the promising technologies for minor actinides (MA: Am and 
Cm) recovery from high-level liquid waste. The degradation behaviour of the organic species in the 
adsorbents under radiation exposure is important to discuss the safety and durability of the adsorbent in 
the extraction chromatography process. In this study, gamma-ray irradiation experiments on 
TODGA/SiO2-P adsorbent were carried out to investigate the degradation products from radiolysis of the 
adsorbent. The degradated organic species eluted from the adsorbent and those remaining inside the 
adsorbent were thoroughly identified by GC/MS, FT-IR and NMR analyses. The species suspected as 
hydrolysis products of TODGA were mainly detected from the analyses. Since some radicals such as •H or 
•OH are generated by the gamma-ray irradiation on water molecules, it was discussed that the radicals 
products from radiolysis of HNO3 solution are related to the degradation reaction of the extractants. 

Introduction 

Extraction chromatography has been developed at Japan Atomic Energy Agency (JAEA) as one of the 
desirable technologies for minor actinides (MA: Am and Cm) recovery from high level liquid waste [1]. 
JAEA has been developing an advanced aqueous reprocessing method (Figure 1) for fast breeder reactor 
(FBR) fuel reprocessing, and the MA recovery using the extraction chromatography is one of remarkable 
issues in the advanced method. Especially, the MA partitioning and transmutation are contributed to the 
reduction of amount and toxicity of the final vitrified waste. 

In this technology, solid adsorbents with extractants based fine porous silica particle are used for the 
separation process and the extractant for MA is impregnated in the silica particle. Compared to solvent 
extraction system, the extraction chromatography has some advantages which are no organic diluents for 
the extractant use, compact equipments, and reuse of the adsorbent for vitrification. The adsorbents include 
some organic species consequently to get good separation performances such as higher yield and 
decontamination factor of MA products. Therefore, the degradation behaviour of the organic species in the 
adsorbents under radiation exposure is greatly important to discuss the safety and durability of the 
adsorbent in the extraction chromatography process. 

As mentioned above, the adsorbent for extraction chromatography is prepared by impregnating an 
extractant into the support of porous silica particle coated with styrene-divinylbenzene polymer (referred as 
SiO2-P). It is packed inside a column, and then MA is efficiently recovered through adsorption/elution 
reactions in solid-liquid system. Radioactive elements, not only MA but also other radioactive fission 
products such as 155Eu or 90Sr form complexes with the extractant during the operation, thus degradations 
by irradiations of materials contained in the adsorbent are unavoidable in the separation process.  

Previous studies reported that the radiolysis of the adsorbent brings distinct changes on 
adsorption/elution behaviour [2,3]. The gamma-ray irradiation effect on adsorption/elution performances 
of the adsorbents has been investigated; however the detailed information about the degradation products 
has not been reported. In order to secure the process safety based on the extraction chromatography 
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technology, chemical forms and behaviour of the degradation products have to be figured out. In this study, 
the degradation products of representative adsorbents for the extraction chromatography process 
(TODGA/SiO2-P) were investigated after gamma-ray irradiation. 

Figure 1 Advanced aqueous reprocessing process 

 

Experimental 

γ-ray irradiation 

In this study, N,N,N’,N’-tetra-n-octyl-diglycolamide (TODGA, Figure 2) was impregnated into SiO2-P 
particles, as described in [4]. The irradiation experiments were performed in the irradiation room No. 1 of 
the Co-60 Gamma-ray Irradiation Facility No. 1 in Takasaki Advanced Radiation Research Institute, Japan 
Atomic Energy Agency (JAEA, Japan). Figure 3 shows the experimental setup for gamma-ray irradiation. 
The dose rate was calculated from the measured value obtained by the alanine–ESR method [5,6]. 50 g of 
the adsorbents were immersed in 100 mL of 1 M HNO3 solution, and were then irradiated by gamma-ray 
with a dose rate of 3 kGy/h up to 1.98 MGy. Adsorbent samples without irradiation were also prepared to 
investigate degradation products produced by exposure to acid. After irradiation or exposure to acid, the 
adsorbent was separated from the supernatant solution. The appearance of irradiated adsorbents and the 
supernatant solutions are shown in Figure 4. The colour of the adsorbent changed from white to yellow 
after irradiation, while that of unirradiataed adsorbent did not change. The degradation of the extractant 
and/or the polymer by the irradiation is considered to influence on the appearance. The floating of oil 
ingredient were found on the supernatant solution for both irradiated and unirradiataed samples. The 
TODGA impregnated into the adsorbent must be leached during the irradiation or the exposure to the acid. 

Figure 2: N,N,N’,N’-tetra-n-octyl-diglycolamide (TODGA) 
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Figure 3 Overview of the irradiation experimental setup 

 
 

Figure 4: Adsorbents and supernatant solutions of irradiated and unirradiated samples 

 

Identification of the degradation products 

The adsorbents separated from the nitric acid were washed with 1,2-dichloroethane, then the 
degradation products remaining on the adsorbent were transferred to the organic phase. The organic 
species in the supernatant solution were also extracted by liquid-liquid extraction with 1,2-dichloroethane. 
The chemical species extracted in the 1,2-dichloroethane from the adsorbent and the supernatant solution 
were analysed by GC/MS, NMR and FT-IR measurements.  

The ingredients in the 1,2-dichloroethane were derivatised by N,O-Bis(trimethylsilyl) 
trifluoroacetamide (BSTFA: CF3C[OSi(CH3)3]=NSi(CH3)3), and then they were also analysed by GC/MS 
to detect the products which are hardly eluted from the column. The derivation by BSTFA is proceeded by 
the following equation: 

.HX + YSiR → XSiR + HY 33  (1) 

where HY, R and X are the degradation products, alkyl-chain and CF3C[OSi(CH3)3]=N, respectively. 
Therefore, the structure of the degradation products can be obtained by replacing SiR3 of the predicted 
product to H. In order to perform the NMR and FT-IR measurements, the 1,2-dichroroethane was 
evaporated in advance, and then the residual product was obtained as samples for the measurements. The 
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FT-IR and NMR analyses were carried out on the product and the product dissolved in deuterated 
chloroform, respectively. 

Results and discussion 

GC/MS analysis 

In the GC/MS chromatograms, 2 and 13 peaks were found in the supernatant solutions for the 
unirradiated and irradiated samples, respectively. Some degradation products were produced by the 
irradiation and were eluted into the nitric acid. The chemical forms were predicted on the mass spectra of 
those chromatograms. Heptane acid and propionaldehyde were predominant species in the supernatant 
solution for unirradiated and irradiated samples, respectively. Benzaldehyde was also detected in the 
unirradiated sample, and this product is considered to be produced by degradation of the polymer in the 
adsorbent. 

Those degradation products predicted for the irradiated sample can be attributed to the products 
produced by cleavage reaction around the octyl in the TODGA molecule. After the derivatisation on the 
supernatant solutions, 5 and 10 peaks were found for unirradiated and irradiated samples, respectively. Those 
peaks are also attributed to the degradation products of the polymer and to the decomposed product of 
TODGA. 

Consequently, the benzaldehyde and heptane acid were mainly observed in the unirradiated samples, 
while propionaldehyde and acetic acid were the species produced mainly by irradiation. Those products are 
suspected to mix in the product solution. Among those identified products, the benzaldehyde has relatively 
low flash point (i.e. 336 K), therefore the amount of the product produced in the process is necessary to be 
evaluated quantitatively in the future. 

27 and 53 peaks were found in the chromatograms obtained for the adsorbent of unirradiated and 
irradiated samples, respectively. The number of products remaining on the adsorbent is distinctly larger 
than those dissolved into the nitric acid. The predominant product in the unirradiataed adsorbent was N, N-
dioctylacetamide, and this product is supposedly produced by hydration of the TODGA molecule. After γ-
ray irradiation, N,N-dioctylformamide and a product shown in Figure 5 were found in the samples. Those 
products are considered to be produced by decomposition of the TODGA molecule. Since the irradiation 
degradation of TODGA in the solvent extraction system is originated by radicals of solvent induced by the 
irradiation [7], some radicals such as •H and •OH owing to radiolysis of water must be one of the 
significant factors for the degradation. 

NMR analysis 

The 1H-NMR spectrum of the supernatant solutions for the irradiated and unirradiated samples 
showed signals which could be attributed to alkanes and methylene (-CH2-).Those results reasonably 
agreed with those obtained by GC/MS analysis. 

The degradation products could not be identified in the 1H-NMR spectrum obtained for the 
adsorbents. In order to perform a more detail analysis, 2 dimensional NMR charts of 1H and 1H or 13C were 
analysed for the adsorbents. The correlations between those nuclides suggested that the species shown in 
Figure 5 were produced by gamma irradiation, where the position indicated as X marks could not be 
identified. Those two products could also be attributed to the decomposed products of the TODGA 
molecule. 
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Figure 5: Degradation products of the adsorbents proposed by 2-D NMR analysis 

 
 

FT-IR analysis 

FT-IR spectrum on the supernatant solutions showed that the absorption peaks correspond to C-H, 
C=O and nitric ester bonds. Products with those bonds must be eluted from the adsorbents. Since the nitric 
ester did not detect in the supernatant solutions by GC/MS analysis, it must overlap with the peaks in the 
chromatogram. Nitric esters generally have low flash points, therefore the quantity of the ester 
contaminated in the products or waste solution is necessary to be comprehended. 

In the FT-IR spectrum for the unirradiated adsorbents, N-H bonds could not be attributed to any 
absorption peaks while C-H and amidic C=O bonds were confirmed. Therefore the existences of TODGA 
molecule eluted from the adsorbent or tertiary amides (R-(C=O)-NR1R2) are anticipated in the samples. 
After irradiation, absorption of C=O bonds originated from carbonyl group was observed. The carbonyl 
group is considered to be produced by oxidation of the octyl in the TODGA molecule. 

As a conclusion of the FT-IR analysis, the dominant degradation products remaining on the 
adsorbents must be produced by cleavage of the ether oxygen in TODGA molecule and by oxidation of the 
octyl. Those results are consistent with those evaluated by GC/MS and NMR analyses. 

Summary of the identification on the degradation products 

The dominant degradation products produced by exposure to acid and by γ-ray irradiation are 
summarised in Tables 1 and 2, respectively. The exposure to the acid tends to cleave the octyl in the 
TODGA molecule, while oxidation reactions also proceed simultaneously with the cleavage reaction 
during the irradiation. The radicals generated from radiolysis of water are considered to progress the 
oxidation reactions. 

In our previous study, it was reported that the adsorption performance of the adsorbent decreased by 
90% under 1 MGy γ-ray irradiation [2]. Therefore, the degradation products remaining on the adsorbents 
should loss extraction ability. Since two doubly bonded O atoms in the TODGA molecule contribute to the 
extraction reaction for cations [9], the decrease in the adsorption performance could be explained by 
missing one or both O atoms. The loss in the extraction ability might lead to the elution of charged MA, 
and the elution will result in a decrease of the MA yield. Controls in amount and behaviour of the eluted 
MA are important for safety of this process as well as for the quality management. Therefore, production 
rates not only of the products with low flash points but also of those missing the extraction ability should 
be evaluated precisely for safety management. 
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Table 1: Dominant degradation products of TODGA/SiO2-P by exposure to the acid 
Name Structure  Name Structure 
Octene   Dioctylamine  

Heptanenitrile  
 

Dioctylnitrosamine 
 

Heptane acid 
 

 
N,N-dioctylformamide 

 

Benzaldehyde 

 

 

N,N-dioctyleacetamide 

 

Terephthalic acid 

 

 

N,N-dioctyloctaneamide 
 

Table 2: Dominant degradation products of TODGA/SiO2-P by γ-ray irradiation 
Name Structure  Name Structure 

Acetic acid 
 

 
Octanol  

Propionic acid 
 

 

Terephthalic acid 

 

Propionalhehyde  

 

N,N-dioctyleacetamide 

 

Butyric acid 
 

 
Nitric acid nonyl ester 

 

Isobutyric 
 

 
Heptanoic acid octyl ester  

Valeric acid 
 

 
Unknown 

 

Hexane acid 
 

 
Octyl ether  

Heptane acid 
 

 
Nitric acid heptyl ester 

 

Benzoic acid 
 

 
Unknown 

 

Octane acid 
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Conclusion 

γ-ray irradiation degradation products of TODGA/SiO2-P adsorbent were investigated by GC/MS, 
NMR and FT-IR analyses to secure the safety of the extraction chromatography technology. Several 
chemical species were found in the irradiated adsorbents and the supernatant solutions. Heptane acid and 
acetic acid were confirmed as representative dissolvable degradation products, and N,N-
dioctyloctaneamide, N,N-dioctyleacetamide and etc. remained on the adsorbent. Some of those species 
were suspected to be hydrolysis products of the TODGA molecule. Since radicals such as •H or •OH are 
known as significant products from γ-ray irradiation on water molecules, they are considered to oxidise the 
extractant components.  

In addition to those degradation products, some products with relatively low flash points were also 
confirmed in this study. In the respect of safety for this technology, their accumulation behaviour inside 
packed columns should be studied in the future. 
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