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Abstract –The spent fuel elements in High- temperature gas-cooled reactor (HTGR) 
have a special structure, so the head-end process of the spent fuel reprocessing is 
different from the process of water reactor spent fuel. The first step of head-end 
process of the HTGR spent fuel reprocessing process is disintegration of the 
graphite matrix and separation of the coated fuel particles. Electrochemical method 
with nitrate solution as an electrolyte for fuel element disintegration has been 
conducted by the Institute of Nuclear and New Energy Technology in Tsinghua 
University. This method allows a total disintegration of graphite matrix, while still 
preserving the integrity of TRISO particles. The influences of the pretreatment 
methods such as heating oxidation of graphite, hydrothermal and oxidants oxidation 
were investigated in the present work. The experimental results showed that there 
were no significant effects on increasing the disintegration rate when pretreatment 
methods were used ahead of electrochemical disintegration. This phenomenon 
indicated that the fuel elements which were calcined at 1073 K and pressed under 
300 MPa are too compact to be broken by these pretreatment methods. And the 
electrochemical disintegration is an effective but slow method in breaking the 
graphite matrix. 

  
1. INTRODUCTION 

 
As one of the fourth generation advanced nuclear 

reactors, high-temperature gas-cooled reactor 
(HTGR) has a bright future. Spherical fuel elements 
which consist of a 50 mm diameter inner zone and a 
5 mm fuel free zone are used in Chinese HTGR [1]. 
About 8300 triple-coated isotropic fuel particles 
which has a 920 𝜇m in diameter are distributed in the 
inner zone area of the fuel elements. 

In order to take full advantage of heavy metal 
and decrease radioactive wastes from spent fuel 
elements, reprocessing are needed for spent fuel 
elements. The first step of the HTGR spent fuel 
reprocessing process is disintegrating graphite matrix 
and separating the coated fuel particles from graphite. 
The traditional methods for disintegrating graphite 
matrix are mechanical method, incineration method, 
pulse method, strong acid method and so on. The 

mechanical methods are too destructive to protect 
graphite matrix from pollution caused by highly 
radioactive waste from the particles of spent fuel; 
incineration method that releases a large amount of 
off-gas like 14C which must be absorbed by alkaline 
liquid [3]. Pulse method needs high cost, harsh 
reaction conditions and high equipment requirement 
[4]. Strong acid method could damage the coated 
fuel particles and produce a secondary waste causes 
serious corrosion of equipment [5]. Electrochemical 
method with nitrate solution as an electrolyte have 
been conducted by the Institute of Nuclear and New 
Energy Technology (INET) in Tsinghua University. 
The reaction conditions is mild and the coated 
particles will not be damaged [6, 7]. But the main 
disadvantage of this method is the relatively slow 
disintegration rate. So, some pretreatment methods 
which used before electrochemical disintegration  
were conducted in this study to explore whether the 
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disintegration rate of graphite spheres can be 
improved or not. 

 
2. EXPERIMENT 

 
The simulated fuel elements were pressed  under 

300 MPa, in accordance to the production procedure 
for HTGR fuel elements by INET, Tsinghua 
University [8], but without the coated fuel particles. 
All of the chemicals were analytical pure grades and 
dissolved in deionized water. 

The graphite spheres was first pretreated, and 
then disintegrated by electrochemical method. The 
influences of the pretreatment methods such as 
heating oxidation of graphite, hydrothermal and 
oxidants oxidation were investigated on the rate of 
graphite disintegration of HTGR simulated graphite 
spheres. 

A pretreated graphite sphere was used as the 
anode, and a stainless steel electrode was used as the 
cathode. Sodium nitrate solution of 4 mol/L was used 
as the electrolyte. Current density of 7 A was 
imposed on the graphite sphere. The temperature 
was maintained about 20~30 ℃ during disintegrating. 
The pH was maintained at about 7. The time of the 
disintegration process was an hour.  

Under the influence of the imposed current, the 
graphite anode was gradually disintegrated. After 
disintegrating, the graphite particles were  filtrated, 
washed thoroughly with water, and dried for 3 h at 
100 ℃. The filtrate was collected and recycled. 

 
3. RESULTS AND DISCUSSION 

 
3.1 Heating oxidation pretreatment  
 

Graphite spheres were pressed under a high 
pressure, which makes their structure very close, so 
that intercalation reaction rate was relatively slow 
during electrochemical disintegrating. In order to 
explore the effects of heating oxidation pretreatment 
on the subsequent electrochemical disintegration rate, 
graphite spheres were used for the heating oxidation 
pretreatment experiments.  

The main reaction of heating oxidation 
pretreatment was the oxidation of carbon and 
generation of CO and CO2. However it would 
produce CO and CO2  that containing 14C possibly in 
a real HTGR spent fuel elements when heating 
pretreatment method was used. The half-life of 14C is 
as long as 5730 years, so the exhausted gas could not 
be discharged directly into atmosphere and must be 
absorbed by alkaline liquid.  

The rate of graphite disintegration (RGD) is 
defined as the mass of disintegrated graphite 

fragments per hour per A (g/A·h).  The experimental 
results were shown in Table 1. 

 
pretreated 

temperature/℃ 
pretreated 

time/h 
Mass 
loss 

ratio/% 

RGD/g
/A·h 

Untreated — — 1.71 
400 5 6.5 1.65 
450 5 15.0 1.59 
500 5 16.7 1.69 
550 5 21.3 1.79 

 
Table 1 Effect on the disintegration rate of the 

graphite spheres of heating oxidation pretreatment 
 
The mass loss of graphite spheres and the RGDs 

after heating oxidation pretreatment can be seen 
from Table 1. With the heating temperature rising, 
the mass loss of graphite spheres increased gradually, 
and more graphite was oxidized to carbon monoxide 
and carbon dioxide. The mass loss achieved 21.3%, 
when the fuel element was heated at 550 ℃ for 5 h. 
After heat pretreatment, there was a certain amount 
of loose powder on the surface of graphite, which 
may due to the occurrence of oxidation reaction of 
surface part of graphite particles. However, the 
RGDs after heating oxidation pretreatment are very 
close. There is no further improved effect on the 
disintegration rate of graphite spheres.  

 
3.2 Hydrothermal pretreatment 
 

Graphite sphere was put into a teflon 
hydrothermal pot firstly, 4mol/L NaNO3 solution 
was added to make sure graphite sphere completely 
immersed. Then the tightened hydrothermal pot was 
put in an oven with 150 ℃ for 20 hours. After the 
hydrothermal pretreatment, the electrochemical 
disintegration process was carried under the current 
of 7A  in 4mol/L NaNO3 solution.  

RGD of graphite sphere after hydrothermal 
pretreatment is 1.66 g/A·h, and the rate before 
hydrothermal pretreatment is 1.71 g/A·h. Both rates 
are very small, so hydrothermal pretreatment has no 
further effect on the rate of disintegration of graphite 
spheres. This phenomenon may be due to the hot 
water pretreatment temperature or the pressure is not 
very high, the nitrate ion is difficult to insert into the 
graphite internal to damage stress structure of 
graphite particles. 

 
3.3 Oxidant pretreatment 
 

Oxidant pretreatment method was used to study 
the process of disintegration of graphite spheres. 
Same reagent and concentration were used in this 
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experiment. No.1 and No.2 graphite spheres were 
soaked in different oxidants for 3 min then were put 
into the furnace at 450 ℃ for 3 h together with No.3 
graphite sphere which has no oxidant pretreatment. 
After the pretreatment process, the graphite spheres 
were electrochemical disintegrated, respectively. 
No.4 graphite sphere without any pretreatment was 
used as a contrast sample.  

As shown in Table 2, the mass loss ratio of 
graphite spheres after soaking in the oxidants is 
greater than the one which was not soaked in the 
oxidant, indicating that oxidant soaking has an 
obvious promoting role on heating oxidation of 
graphite. The mass loss ratio of No.1 graphite sphere 
was more than No. 2 after calcination is mainly due 
to the better oxidizing ability of KMnO4 than Cu 
(NO3)2. Four electrochemical disintegration rate 
were all about 1.7 g/A·h, which showed that oxidant 
pretreatment effect on electrochemical disintegration 
rate was not significantly. This phenomenon may be 
due to the oxidation of graphite matrix was mainly 
focused on the surface, not into the internal of 
graphite spheres.  

 

No Oxidant 
pretreatment  

Temperature 
 /℃ 

Mass 
loss 
ratio/
% 

RGD/ 
g/A·h 

1  0.25mol/L 
KMnO4 

450  11.8 1.69 

2 3.15mol/L 
Cu(NO3)2  450  7.9 1.69 

3 No oxidant 
treatment 450  5.0 1.66 

  4 Untreated 1.71 
 
Table 2 Effect on the disintegration rate of the 

graphite spheres of oxidant pretreatment  
 

4. CONCLUSION 
 

Pretreatment methods such as heating oxidation 
of graphite, hydrothermal and oxidants oxidation 
were investigated in this work. The structure of the 
fuel elements is so compact that it can't be broken by 
these pretreatment methods.  

The pretreatment methods have no significant 
effects on increasing the rate of electrochemical 
disintegration. 

Electrochemical disintegration is an effective 
method in breaking the graphite matrix, but the rate 
of disintegration is slow. Many other conditions and 
parameters need to be explored to improve this rate. 

 
5. ACKNOWLEDGEMENTS 

 

This project has been carried out under the 
Chinese National S&T Major Projects 
(2014ZX06901-016). 

 
6. REFERENCES 

 
[1] C. H. Tang, Y. P. Tang, J. G. Zhu, Y. W. Zhou, J. 
H. Li, X. J. Ni. Design and manufacture of the fuel 
element for the 10 MW high temperature gas-cooled 
reactor. Nucl Eng Des, 218(1-3), 91, 2002. 
[2] A. L. Lotts, W. D. Bond, C. W. Forsberg, R. W. 
Glass, F. E. Harrington, G. E. Michaels, K. J.        
Notz, R. G. Wymer, Oak Ridge National Laboratory 
Report, ORNL/TM-12027, 1992, February. 
[3] G. D. Del Cul, B. B. Spencer, C. W. Forsberg, E. 
D. Collins, W. S. Rickman, Oak Ridge National  
Laboratory Report, ORNL/TM-2002/156, 2002, 
September. 
[4] M. Masson, S. Grandjean, J. Lacquement, S.  
Bourg, J. M. Delauzun, J. Lacombe. Block-type 
HTGR spent fuel processing: CEA investigation 
program and initial results. Nucl Eng Des, 236(5), 
516, 2006. 
[5] E. Merz. Disintegration of graphite by the 
formation of electrolytic graphite intercalation 
compounds. Kernforschungsanlage Juelich Ger. 12, 
341, 1970. 
[6] L. F. Tian, M. F. Wen, J. Chen.. Analysis of 
electrochemical disintegration process of graphite 
matrix. Electrochim Acta, 56(2), 985, 2010. 
[7] L. F. Tian, M. F. Wen, L. Y. Li, J. Chen. 
Disintegration of graphite matrix from the simulative 
high temperature gas-cooled reactor fuel element by 
electrochemical method. Electrochim Acta, 54(28), 
7313, 2009.  
[8] Z. X Wu, D. C. Lin, D. X. Zhong. The design 
features of the HTR-10. Nucl Eng Des, 218(1-3), 25,  
2002. 
 


