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Abstract - In the frame of the French research program on the long-term behavior of spent nuclear fuel, 
experiments are conducted in ATALANTE to develop and validate models of spent fuel evolution in contact 
with an aqueous phase. One of the mechanisms that may govern intermediate or long-term alteration of the 
spent fuel matrix in a repository is the oxidizing dissolution by radiolysis products of water. 
Leaching experiments in de-aerated media requires the analysis of hydrogen peroxide, as a major product 
of water radiolysis, down to 10-8mol.L-1. This work presents the results obtained using the 
chemiluminescence reaction of isoluminol with H2O2, catalyzed by microperoxidase. Depending on the 
samples used, different types of radiolytic processes were studied: α radiolysis of water when leaching UO2 
pellets doped with alpha emitters, or γ  radiolysis of water when leaching the same samples or spent fuel in 
a gamma field. Influences of operating conditions on the analytical results are discussed. 
 
 
 
INTRODUCTION 
 

Although uranium is sparingly soluble under 
reducing conditions similar to those encountered 
in a repository site, its solubility can increase 
significantly at the UO2/water interface due to 
the α-β-γ irradiation field [1]. In the frame of the 
French research program on the long-term 
behavior of spent nuclear fuel, experiments are 
conducted in ATALANTE to develop and 
validate models of spent fuel evolution in contact 
with an aqueous phase. Alteration of the UO2 
matrix is studied through leaching of different 
materials (in both aerated and deaerated media 
eventually submitted to a gamma field up to 650 
Gy.h-1): UO2 pellets standard or doped with 
alpha emitters (238Pu and 239Pu) and spent 
nuclear fuel (with a burnup of 60 GWd.tHMi

-1) 
[2]. One of the mechanisms that may govern 
intermediate or long-term alteration of the spent 
fuel matrix in a repository is the oxidizing 
dissolution by radiolysis products of water such 
as H2O2, therefore determination of this specie in 
the leachate requires particular attention. 

The concentration of hydrogen peroxide in 
solution submitted to γ irradiation is highly 
dependent on the dissolved O2 content. In 
aerated media, dissolved O2 reacts with radicals 
to produce more H2O2 that can be suitably 
analyzed by UV-Visible spectrophotometry 
using Ghormley’s method (4x10-6 < [H2O2] < 
6x10-4 mol.L-1) [3]. On the other hand, in 
deaerated conditions a chain reaction identified 

by Allen [4] leads to recombination of radicals 
and molecular species to give back water, and 
consequently to very low levels of hydrogen 
peroxide ([H2O2] < 10-6 mol.L-1). 

Chemiluminescence is widely used in 
biology and environmental chemistry to 
determine H2O2 at trace levels. It has been 
already used in the nuclear field [5] and was 
applied in this work to our leaching experiments. 
 
EXPERIMENTAL PROCEDURES 
 
Materials 
 

Three batches of UO2 pellets doped with 
plutonium (238Pu and 239Pu, with a total amount 
of 0.2%) were fabricated with variable alpha 
activities corresponding to different milestones 
(15, 1500 and 40000 years) in the lifetime of 
spent fuel with a burn up of 47 GWd.tHMi

-1. A 
reference batch of undoped UO2 pellets was also 
available. 

Two batches of UO2 pellets doped with 
stable strontium (0.1%) and plutonium (50 and 
10000 years alpha activities, 0.2% Pu) were 
fabricated. Strontium being a tracer of the UO2 
matrix alteration as it has already been proved in 
spent nuclear fuel leaching tests [6]. 

Spent fuel fragments (referred as SF-60) 
with a burnup of 60 GWd.tHMi

-1 (corresponding 
to five irradiation cycles) were also available.  
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Leaching Test 
 
“Deaerated Alpha Radiolysis” leaching test 
 

Static leaching tests (without solution 
renewal) were conducted in a glove box at room 
temperature (25°C), with deionized water, under 
a slight pressure of argon (2.5 bar, O2 < 0.1 ppm) 
on polished, annealed and pre-leached UO2 
alpha-doped disks. Solution samples were taken 
over a 30-days period.  
 
“Deaerated Gamma Radiolysis” leaching test 
 

In a shielded cell, a 260 Ci 60Co source is 
used to irradiate the leaching device at dose rates 
up to 650 Gy.h-1. The leaching tests were 
conducted with either doped UO2 disks or spent 
fuel fragments. Solution samples were taken over 
a 16-days period.  
 

In both type of test, preliminary experiments 
together with Chemsimul calculations [2, 7] have 
shown that H2O2 concentration reaches a 
saturation level within a few days. Thus 
hydrogen peroxide has only been analyzed at the 
end of the leaching tests. 
 
Reagents 
 

All chemicals were of analytical-reagent 
grade and all aqueous solutions were prepared in 
deionized water with a MilliQ Plus 
(MILLIPORE) apparatus. 

Mixed reagent solution was prepared by 
dissolving 280 µM of Isoluminol (6-amino-2,3-
dihydro-1,4-phtalazinedione, FLUKA) in a 0.04 
M disodium tetraborate (SIGMA) buffer solution 
(pH = 9.3). Microperoxidase MP11 disodium salt 
(SIGMA) is added up to 5 µM as catalyst for 
isoluminol oxidation. The mixed reagent is 
stored for 3 days before starting analyses, and is 
stable for at least one month when stored in dark. 
Stock H2O2 30% (MERCK) was used to prepare 
calibration standards by dilution in deionized 
water. 
 
Analysis of H2O2  

 
All measurements were made using a Turner 

Design TD-20/20 Luminometer equipped with a 
flow injection system (operated under a 
ventilated hood). 200 µL of the reagent solution 
are added to 200 µL of sample through the flow 
injection system in the luminometer cuvette. 
Luminescence data are then acquired for 100s 

with a PC. Prior to sample analysis a calibration 
curve is obtained by using freshly prepared 
standard solutions of H2O2. A linear relationship 
between the maximum of luminescence intensity 
and the content of hydrogen peroxide is usually 
obtained. 
 
RESULTS AND DISCUSSION 
 

The values of H2O2 contents measured at the 
end of each test are given in Table 1 
 
TABLE I. Values of hydrogen peroxide 
generated in deaerated leaching tests (O2 < 0.1 
ppm) 

αD&  γD&  [H2O2] Sample 
(Gy.h-1) (Gy.h-1) (mol.L-1) 

15-y 1100 0 < 2x10-8 

1500-y 110 0 < 2x10-8 

40000-y 10 0 < 2x10-8 

SF-60 1100 650 2.3x10-7 

1500-y 110 650 3.2x10-8 
 

H2O2 concentrations in the "alpha 
radiolysis" leaching tests were below the 
detection limit of the method (2 10-8 M). 
Experiments on the 1500-years Pu-doped UO2 
shows a slight increase of the measured content 
of H2O2 in presence of gamma irradiation. 
Concerning gamma irradiated leaching tests, 
hydrogen peroxide concentrations can be 
measured. This can be explained by gamma 
radiations, which irradiates the whole volume of 
solution, leading to a measurable concentration 
of hydrogen peroxide, contrary to alpha 
radiations whose range in water is only 30 µm 
length. 

The determination was not possible for the 
tests on Pu-Sr doped UO2 pellets. Further 
analyses (with ICP-AES) showed high levels of 
iron (0.2 to 1 mg.L-1) in the corresponding 
leachates. Iron as Fe(II) is known to react very 
easily with luminol (and isoluminol) and even 
more in the presence of H2O2 [8]. 

Effect of the presence of iron on the values 
of limits of detection (LOD) and quantification 
(LOQ) were determined (Table 2). These values 
are obtained by using the calibration curves 
corresponding to the two different media, s(b) 
the standard deviation of the intercept: 
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a
bsLOD )(3×

=   (1) 

a
bsLOQ )(10 ×

=  (2) 

 
with a and b the slope and intercept of the 
calibration curve. 
 
TABLE 2. Effect of Fe on the values of LOD 
and LOQ of H2O2 

Blank medium LOD 
(mol.L-1) 

LOQ 
(mol.L-1) 

Deionized water 1 10-8 4 10-8 

[Fe]= 0.2 mg.L-1 4 10-8 1.2 10-7 
 

Presence of iron in the leachates increases 
the limit of quantification of hydrogen peroxide 
and prevents any measurement when iron 
concentration reaches 1 mg.L-1. 
 
CONCLUSION 
 

Chemiluminescence, as a trace analysis 
method, has proved to be a good technique to 
analyze hydrogen peroxide in spent fuel or in 
UO2 pellet leachates. This especially when 
deaerated water radiolysis leads to very low 
levels of hydrogen peroxide. The very few and 
quite simple manipulations involved suits 
perfectly to radioactive samples. 

However, as chemiluminescence can be 
applied to the analysis of a large number of 
elements, the technique is very matrix sensitive. 
The limits of detections of certain transition 
metals e.g. Fe, are so low that traces of these 
elements may interfere with the signal of the 
analyzed species. 

Those possible interferences should not 
draw this technique aside. Indeed, if some trace 
elements interfere with the signal, their effects 
are easily visible on the luminescence curve 
avoiding any mistakes. Reflections are currently 
led to allow us measuring hydrogen peroxide 
concentrations in such polluted leachates. 
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